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PREFACE 


This  report  describes  the  work  performed  under  Task  2  of  the  DOT/FAA 
High  Velocity  Jet  Noise  Source  Location  and  Reduction  Program  (Contract 
DOT-OS-30034).  The  objectives  of  the  contract  were: 

•  Investigation  of  the  aerodynamic  and  acoustic  mechanisms  of 
various  jet  noise  suppressors,  including  scaling  effects. 

•  Analytical  and  experimental  studies  of  the  acoustic  source  distri¬ 
bution  in  such  suppressors,  including  identification  of  source 
location,  nature  and  strength,  and  noise  reduction  potential. 

•  Investigation  of  in-flight  effects  on  the  aerodynamic  and  acoustic 
performance  of  these  suppressors. 

The  results  of  these  investigations  have  led  to  the  preparation  of  a 
design  guide  report  for  predicting  the  overall  characteristics  of  suppressor 
concepts  from  models  to  full-scale  static,  to  in-flight  conditions,  as  well 
as  a  quantitative  and  qualitative  prediction  of  the  phenomena  involved. 

The  work  effort  in  this  program  was  organized  under  the  following 
major  tasks,  each  of  which  is  reported  in  a  separate  Final  Report: 

Task  1  —  Activation  of  Facilities  and  Validation  of  Source 
Location  Techniques 

Task  2  —  Theoretical  Developments  and  Basic  Experiments 

Task  3  —  Experimental  Investigation  of  Suppression  Principles 

Task  4  —  Development  and  Evaluation  of  Techniques  for  "In-flight" 
Investigation 

Task  5  —  Investigation  of  "In-flight"  Aeroacoustic  Effects  on 
Suppressed  Exhausts 

Task  6  —  Preparation  of  Noise  Abatement  Nozzle  Design  Guide  Report 

Task  1  was  an  Investigative  and  survey  effort  designed  to  identify 
acoustic  facilities  and  test  methods  best  suited  to  jet  noise  studies. 

Task  2  was  a  theoretical  effort  complemented  by  theory  verification  experi¬ 
ments  which  extended  across  the  entire  contract  period  of  performance. 

Task  3  represented  a  substantial  contract  effort  to  gather  various  test 
data  on  a  wide  range  of  High  Velocity  Jet  Nozzle  suppressors.  These  data, 
intended  to  help  identify  several  "optimum"  nozzles  for  "in-flight"  testing 
under  Task  5,  provide  an  extensive  high  quality  data  bank  useful  to  prepara¬ 
tion  of  the  Task  6  design  guide,  as  well  as  to  future  studies. 


Task  2,  the  subject  of  the  present  report,  was  formulated  as  a  funda¬ 
mental  theoretical  and  experimental  study  aimed  at  understanding  of  the 
noise  generation  and  suppression  mechanisms  of  high  velocity  jets.  A  gross 
overview  of  the  most  important  results  achieved  in  this  study  along  with  an 
indication  of  the  relevant  report  sections  is  given  in  the  following  figure. 
The  reader  interested  in  the  aero-acoustic  theory  which  was  used  in  the 
ultimate  prediction  procedure  recommended  herein  need  study  only  Sections 
4.3  to  4.7,  The  reader  interested  in  the  experimental  data  acquired  in  the 
course  of  performing  this  task  need  study  only  Sections  5,  6,  7,  and 
8 . 1  and  8.3. 


Overview  of  sections  containing  the  most  important  results  of  this  report. 
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1.0  SUMMARY 


The  DOT  High  Velocity  Jet  Noise  Source  Location  and  Reduction  Program, 
Contract  DOT-OS-30034,  was  conceived  to  bring  analytical  and  experimental 
tools  to  bear  on  understanding  the  fundamentals  of  jet  noise  for  simple  and 
complex  suppressor  nozzles. 

Task  2  in  particular  is  the  most  basic  of  this  six-task  program  and  was 
formulated  as  a  fundamental  theoretical  and  experimental  study  aimed  at  an 
understanding  of  the  noise  generating  and  suppression  mechanisms  of  high 
velocity  jets. 

The  physical  view  of  jet  noise  adopted  in  this  study  is  fairly  con¬ 
ventional.  The  inherent  instability  of  jet  flows  leads  to  jet  turbulence 
with  the  energy  of  the  turbulent  eddies  being  extracted  from  the  mean  flow, 
this  energv  of  the  eddies  being  ultimately  dissipated  by  viscosity.  Jet 
noise  is  -..cribed  to  this  continuous  process  of  the  birth  and  decay  of  the 
eddies  with  the  eddies  being  convected  at  velocities  of  the  order  of  the  jet 
velocity  during  their  lifetime.  When  the  nozzle  operates  supercritically 
and  is  not  contoured  to  permit  proper  supersonic  expansion,  the  flow  aft  of 
the  nozzle  exit  plane  is  embedded  with  shocks  and  the  passage  of  the  turbulent 
eddies  through  the  shocks  generates  "shock"  noise.  From  a  source  point  of 
view,  only  turbulent  mixing  and  shock  noise  sources  are  considered  in  the 
ultimate  prediction  scheme  developed  in  this  report. 

In  the  modeling  of  the  sources  of  jet  noise,  this  report  leans  heavily 
on  the  works  of  Lighthill,  Ribner,  and  Ffowcs-Williams  for  turbulent  mixing 
noise  and  on  the  work  of  Harper-Bourne/Fisher  for  shock  noise.  The  first 
step  in  the  analytic  modeling  is  the  prediction  of  the  properties  of  the 
mean  jet  plume.  A  simplified  eddy  viscosity  type  approach  based  on 
Reichardt's  inductive  theory  of  turbulence  is  employed  to  achieve  this.  An 
independent  check  on  the  correctness  of  the  plume  mapping  is  obtained  by 
extensive  measurements  with  Laser  Velocimeters  (LV)  of  the  velocity  field  in 
jet  plumes.  Similarity  arguments  and  data  from  the  rather  sparse  set  of 
available  time-dependent  turbulence  measurements  carried  out  in  jet  flows 
are  next  used  to  establish  a  general  procedure  of  deducing  the  turbulent 
source  properties  relevant  to  jet  noise  from  the  prediction  of  the  mean 
plume  properties.  A  feature  of  the  present  study  is  that  the  link  to  the 
far-field  SPL  (sound  pressure  level)  spectra  from  the  turbulent  sources  is 
carried  out  by  fully  accounting  for  acoustic/mean-flow  interactions,  via  the 
so-called  Lilley  equation  which  may  alternatively  be  also  described  as  an 
inhomogeneous  Orr-Sommerf ield  equation.  The  above  steps  have  been  integrated 
together  to  produce  a  unified  aeroacoustic  model  which  can,  in  principle, 
predict  far-field  SPL  spectra  given  only  the  nozzle  exit  geometry,  upstream 
stagnation  pressures,  and  temperature.  Multiple  flow  systems  such  as  dual¬ 
flow  exhaust  systems  can  be  readily  accommodated  in  this  prediction  scheme. 

The  prediction  scheme  includes  a  semiempirical  method  of  prediction  of  shock 
noise  adopted  from  the  work  of  Harper-Bourne  and  Fisher.  This  unified 
prediction  scheme  is  extensively  applied  to  a  great  variety  of  jet  noise 
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data  from  round  nozzles,  conventional  bypass  systems,  inverted  flow  systems, 
and  multielement  nozzle  exhaust  systems  over  a  wide  range  of  velocities  and 
temperatures  of  interest  in  jet  noise.  Generally,  very  satisfactory  agree¬ 
ment  is  obtained  in  all  these  theory  -  data  comparisons,  including  the 
trends  of  parametric  variations.  The  procedure  is  general  enough  to  handle 
both  flight  and  static  cases.  While  the  bulk  of  theory  -  data  comparisons 
were  carried  out  for  the  static  case,  some  comparisons  with  fair  success 
have  also  been  carried  out  for  flight  cases.  The  development  of  this  unified 
universal  aeroacoustic  prediction  based  largely  on  first  principles  (empiri¬ 
cism  is  chiefly  introduced  in  the  eddy  viscosity  method  used  in  the  plume 
prediction  and  also  in  the  similarity  arguments  used  to  infer  time-dependent 
turbulence  quantities  needed  to  predict  jet  noise)  is  believed  to  be  the 
most  significant  technicai  achievement  of  this  task.  Hence,  full  details  of 
the  pertinent  equations,  computer  program,  etc.,  needed  to  implement  this 
method  are  described  in  a  supplement  to  this  report,  FAA-RD-76-79,  Ila, 

Physical  shielding  offers  a  possibility  of  reducing  the  jet  noise 
reaching  the  observer  on  the  ground.  Pertinent  solutions  relevant  to  shield¬ 
ing  by  plane  barriers  and  by  pipe-like  enclosures  are  given.  Comparisons 
with  an  experiment  on  physical  shielding  were  conducted  and  reveal  fair 
agreement,  except  that  at  shallow  angles  to  the  jet  axis,  the  measured 
attenuation  at  high  frequencies  exceeds  the  predicted  attenuation.  The  pipe 
enclosure  study  shows  that  low  frequency  jet  noise  may  be  actually  enhanced 
by  use  of  ejectors,  and,  in  general,  physical  shielding  benefits  are  confined 
to  the  inlet  arc.  Thus,  beneficial  effects  for  ejectors  can  accrue  only 
from  aerodynamic  considerations  rather  than  physical  shielding  considera¬ 
tions,  unless  treated  ejectors  are  employed. 

Several  single-element  and  multielement  experiments  with  round  and 
rectangular  tubes  were  carried  out  with  mapping  of  the  far-field  sound  over 
an  entire  hemisphere  to  assess  acoustic  shielding  effects.  Very  pronounced 
shielding  of  jet  noise  by  jet  flows  is  demonstrated  at  suitable  high  velocity 
and  temperature  conditions.  LV  measurements  carried  out  in  several  of  these 
configurations  revealed  that  jet  turbulence  structure  is  not  significantly 
altered  by  jet  temperature  or  jet  Mach  number. 

A  series  of  basic  experiments  to  verify  fluid  shielding  and  the  impor¬ 
tance  of  acoustic/mean-flow  interactions  was  also  carried  out,  and  results 
obtained  for  the  dependence  of  the  shielding  on  jet  velocity,  jet  temperature, 
shield  thickness,  source  frequency,  and  angle  of  observation  are  in  accord 
to  a  high  degree  with  the  corresponding  theoretical  analysis. 

Lip  noise  was  investigated  experimentally,  both  with  and  without  external 
velocity,  by  cross-correlation  techniques,  and  it  appears  that  lip  noise  is 
not  a  significant  noise  source  for  practical  jet  velocities  and  with 
reasonably  contoured  nozzles  upstream  of  the  nozzle  exit  plane.  A  litera¬ 
ture  survey  was  carried  out  of  the  possibilities  of  jet  noise  suppression  by 
the  use  of  particle/fluid  additives,  and  it  appears  unlikely  that  any  signifi¬ 
cant  benefit  can  be  derived  by  any  of  these  schemes,  especially  for  heated 
jet  flows. 

The  role  of  large-scale  structures  in  jet  noise  was  explored  in  a  sub¬ 
contract  effort  by  the  University  of  Southern  California  and  was  not  con¬ 
clusive  in  establishing  their  direct  relevance  to  jet  noise.  Nor  was  it 
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possible  to  derive  any  new  insight  into  any  novel  concept  of  jet  noise 
suppression  associated  with  large-scale  structures.  It  was  also  not  clear 
what  amendment,  if  any,  was  needed  to  the  unified  aeroacoustic  model 
described  earlier  to  reflect  the  role  of  large-scale  structures. 

In  conclusion,  it  appears  that  for  practical  purposes  jet  noise  phe¬ 
nomena  at  high  velocities  and  temperatures  can  be  largely  explained  as  a 
combination  of  mixing  noise  and  shock  noise.  It  was  necessary  in  this  study 
to  evolve  a  comprehensive  aeroacoustic  model  devoted  equally  to  all  aspects 
of  jet  noise  known  to  be  important,  such  as  turbulent  mixing,  convective 
amplification,  acoustic/mean-flow  interaction,  and  shock  noise.  But  once 
such  a  unified  scheme  was  evolved,  the  success  of  the  present  task  suggests 
that  rational  preliminary  design  decisions  can  be  arrived  at  with  high 
confidence  before  committing  to  a  test  program,  with  the  aid  of  the  pre¬ 
diction  tools  developed  herein.  It  is  reiterated  that  these  prediction 
tools  have  been  embodied  in  a  computer  program  available  in  a  supplement  to 
this  report,  FAA-RD-76-79,  Ila. 
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2.0  INTRODUCTION 


Jet  noise  has  been  studied  extensively  over  the  past  25  years  dating 
back  to  the  early  1950's  when  the  first  papers  of  Lighthill  laid  a  basis  for 
theoretical  analysis  of  jet  noise.  Lighthill's  theory  provided  some  powerful 
scaling  laws  on  the  basis  of  which  the  variation  of  jet  noise  with  jet 
velocity,  jet  temperature,  and  angle  of  observation  could  be  correlated  for 
a  given  nozzle  exhaust  geometry.  The  quality  of  experimental  jet  noise  data 
acquired  in  the  late  1960's  and  early  1970' s  improved  markedly  over  that  used 
earlier  to  test  Lighthill's  predictions.  The  improvements  included  careful 
suppression  of  upstream  noise  sources,  extensive  use  of  spectral  analysis, 
and  the  acquisition  of  data  over  very  wide  parametric  ranges  of  velocity  and 
temperature. 

The  more  recent  experiments  have  revealed  systematic  discrepancies 
between  the  data  and  the  predictions  of  Lighthill's  theory.  Moreover,  from  a 
practical  point  of  view,  the  single-flow,  round  convergent  nozzle  is  itself 
too  noisy  in  terms  of  its  jet  noise  output  so  that  a  more  comprehensive 
aeroacoustic  jet  noise  prediction  scheme  encompassing  complex  exhaust  nozzle 
configurations  was  clearly  called  for.  In  the  early  1970's,  a  major  improve¬ 
ment  over  Lighthill's  theory  occurred  with  the  acceptance  of  the  fact  that 
the  influence  of  the  mean  jet  flow  environment  on  the  elementary  turbulent 
noise  sources  (the  so-called  "eddies")  was  not  accounted  for  in  Lighthill's 
theory,  and  that  accounting  for  this  "acoust ic /mean-flow  interaction"  does 
help  to  resolve  almost  all  the  theory  -  data  discrepancies  observed  with 
Lighthill's  theory  for  single-flow,  round  nozzle  noise. 

Many  of  these  improvements  for  single-flow,  round  nozzle  noise  were 
achieved  in  the  course  of  a  fundamental  study  sponsored  by  the  USAF-DOT 
(Contract  F33615-73-C-2031) .  It  seemed  logical,  therefore,  to  pursue  the 
structure  developed  in  that  study  and  inquire  whether  the  same  methodology 
could  be  extended  to  predict  the  noise  from  complex  suppressor  nozzles.  A 
main  objective  of  the  present  study  (Section  A)  was  to  demonstrate  that  such 
an  exercise  is  feasible. 

Based  on  the  desirability  of  separating  various  mechanisms  of  jet  noise 
suppression,  such  as  alteration  of  turbulence  levels,  acoustic/mean-flow 
interaction,  physical  shielding,  etc..  Sections  5,  6,  and  7  describe  a  wide 
variety  of  experiments  carried  out  during  the  program  designed  to  elucidate 
the  relative  importance  of  the  various  mechanisms.  In  Sections  6  and  7, 
relevant  theoretical  results  from  Section  A  are  used  to  analyze  the  experi¬ 
mental  results. 

Section  8  is  devoted  to  several  topics  such  as  lip  noise,  the  role  of 
large-scale  structures  in  jet  noise,  etc.,  that  have  often  been  mentioned  in 
recent  years  as  influencing  suppression  phenomena  but  whose  precise  importance 
has  not  been  clarified. 

The  remaining  sections  summarize  the  conclusions  and  recommendations  for 
further  work. 
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3.0  FACILITIES  DESCRIPTION 


This  section  summarizes  the  salient  features  of  the  facilities  and 
associated  diagnostic  instrumentation  utilized  in  the  experimental  portions 
of  this  program.  Since  the  General  Electric  Corporate  Research  and  Develop¬ 
ment  (CRD)  outdoor  jet  noise  facility  was  the  primary  site  for  Task  2  jet 
noise  experiments,  a  summary  description  of  its  capabilities  is  given  in 
Section  3.1.  Further  details  of  its  capabilities  and  validation  checkout 
tests  can  be  found  in  the  Task  1  final  report  of  this  program. 

Other  facilities  were  briefly  utilized  for  specialized  investigations, 
but  descriptions  of  these  facilities  are  included  in  the  sections  where  these 
investigations  are  reported.  These  include  (1)  the  University  of  British 
Columbia  Anechoic  Jet  Noise  facility,  used  for  lip  noise  experimental  inves¬ 
tigations  (see  Section  8.1);  (2)  the  General  Electric  Evendale  Outdoor  Jet  Noise 
facility  (JENOTS),  used  for  lip  noise  relative  velocity  experiments  (see 
again  Section  8.1);  and  (3)  the  University  of  Southern  California  Anechoic 
Jet  Noise  facility,  utilized  for  experimental  studies  of  orderly  structure 
and  its  relevance  to  jet  noise  (see  Section  8.3).  All  of  these  facilities 
are  also  described  in  detail  in  the  Task  1  final  report. 

Summary  descriptions  of  the  "hole-in-the-wall"  technique  for  source 
location  diagnosis  (Section  3.2)  and  the  Laser  Velocimeter  for  jet  plume  flow 
measurements  (Section  3.3)  are  included  herein,  since  these  were  the  primary 
"unconventional"  experimental  measurement  tools  utilized  in  Task  2.  Again, 
further  details  of  these  devices  may  be  found  in  the  Task  1  final  report. 


3.1  GENERAL  ELECTRIC  CORPORATE  RESEARCH  AND  DEVELOPMENT  (CRD) 
OUTDOOR  FACILITY 


The  experimental  noise  investigations  of  Task  2  required  the  construction 
of  a  new  facility  at  the  General  Electric  Corporate  Research  and  Development 
(CRD)  Center.  An  outdoor  facility  was  constructed  which  offers  a  unique  com¬ 
bination  of  capabilities,  including  hemispherical  microphone  coverage,  per¬ 
manently  installed  microphones,  acoustically  treated  ground  plane,  and  real¬ 
time  data  processing.  This  facility  is  intended  primarily  for  high-tempera¬ 
ture  jet  noise  research  and,  as  such,  has  a  silenced  burner  capable  of  oper¬ 
ation  to  2000°  R. 


3.1.1  Acoustic  Arena 

Acoustic  suppression  between  combinations  of  elemental  jet  flows  can  be 
quite  small  on  a  total  power  basis  and  requires  detailed  azimuthal  far-field 
measurements  to  allow  the  investigator  to  determine  the  relative  importance 
between  different  proposed  suppression  mechanisms.  A  hemispherically  swept 
array  of  microphones  is  provided  in  the  CRD  facility  to  survey  the  far-field 
directivity  patterns  of  nonaxisymmetric  nozzles  or  suppressor  configurations 


as  shown  in  Figure  3-1.  Twelve  1/2-inch  B&K  model  4133  microphones  are 
attached  to  a  traversing  boom  that  pivots  about  the  jet  axis.  These  micro¬ 
phones  are  positioned  every  10°,  starting  at  0  =  20°  to  the  jet  axis  and 
ending  at  0  =  130°.  To  avoid  an  obstruction  in  the  jet  plume,  a  large  hoop 
is  used  to  provide  a  centerless  pivot  on  the  downstream  end  of  the  microphone 
boom.  The  boom  can  be  moved  to  any  azimuthal  angle  by  the  two  overhead 
cables.  Since  the  paths  traversed  by  the  microphones  are  circular  arcs 
centered  on  the  jet  axis,  any  deviation  of  the  radiation  patterns  from  axi- 
symmetry  can  be  detected  easily.  A  microphone  arc  of  nine  feet  is  used 
with  the  distance  in  terms  of  nozzle  diameters  ranging  from  72  to  123, 

Outdoor  acoustic  facilities  are  extremely  dependent  on  weather  condi¬ 
tions,  and  in  areas  where  the  weather  is  very  changeable,  as  in  the  North¬ 
eastern  United  States,  the  ability  to  respond  quickly  to  favorable  weather 
conditions  is  crucial  to  the  utilization  rate  of  the  facility.  To  avoid  long 
startup  and  shutdown  times,  a  hermetically  sealed  microphone  holder  was 
designed  to  allow  permanent  installation.  An  additional  benefit  of  this 
approach  is  that  the  electronic  noise  floor  is  measured  easily  when  the 
microphones  are  covered,  An  acoustically  treated  surface  resulted  in  free 
field  data  above  500Hz.  By  using  large  sheets  of  acoustical  foam,  a 
reasonable  reduction  of  the  ground  reflection  problem  can  be  obtained  with 
minimal  time  required  to  lay  down  and  take  up  the  coverings.  To  allow  test¬ 
ing  during  the  winter  months,  the  30  x  28  foot  concrete  pad  is  heated  electri' 
cally  to  remove  ice  and  snow. 


3.1.2  Jet  Facility 

To  provide  the  heated  air  for  the  high  temperature  tests,  two  heaters 
are  used.  A  large  natural-gas- fired  heat  exchanger  pre-heats  the  air  to 
about  400°  F,  and  this  warm  air  is  fed  into  the  burner  end  of  the  combustor 
muffler  through  a  4-inch  pipe,  as  can  be  seen  on  Figure  3-1.  Two  small  JP4 
combustors  are  used  to  provide  the  remainder  of  the  heat  addition.  To  pre¬ 
vent  combustion  noise  from  contaminating  the  jet  noise  downstream  of  the 
burners,  the  wall  of  the  plenum  is  lined  with  2  inches  of  Kaowool  and  faced 
with  a  1/8-inch-thick  perforated  sheet  (457.  porosity)  of  Hastelloy  X,  No 
significant  burner  or  other  upstream  noise  contamination  was  noted  in  any 
of  the  data  presented  in  this  report. 


3.1.3  Data  Acquisition  and  Reduction  System 

Data  acquisition  is  controlled  by  an  HP  2100  series  mini-computer  that 
obtains  the  acoustic  signals  from  a  GR  1921  real-time  one- third-octave  band 
analyzer  and  samples  the  temperatures  and  pressure  signals.  By  the  use  of  a 
scanning  multichannel  amplifier,  GR  1566,  each  microphone  signal  is  analyzed 
sequentially,  and  the  signal  level  of  each  one- third-octave  band  (100  Hz  to 
80  KHz)  is  stored  on  magnetic  tape.  The  effective  frequency  range  depends  on 
the  microphones  used.  For  operational  monitoring,  a  three-dimensional  plot 
of  the  one-third-octave  band  analysis  of  the  sound  pressure  level,  SPL,  of 
each  microphone  is  displayed  on  an  oscilloscope  as  the  microphone  array  is 
sampled.  A  typical  oscilloscope  display  is  shown  in  Figure  3-2.  For  backup 
and  when  longer  averaging  times  are  necessary,  the  acoustic  signals  can  be 
recorded  simultaneously  on  a  Sangamo  Sabre  IV  tape  recorder.  After  all  of 
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the  signals  have  been  accumulated,  the  computer  corrects  the  data  for  non- 
uniform  response  of  the  microphones  and  can  correct  for  anv  known  non-free- 
field  effects  of  the  arena.  Using  these  corrected  values  of  the  sound  pres¬ 
sure  level,  the  computer  then  calculates  the  overall  average  sound  pressure 
levels  for  each  microphone,  the  one-third-octave  band  acoustic  power  levels, 
and  the  overall  acoustic  power  level.  The  raw  and  calculated  data  are  then 
stored  on  magnetic  tape. 

While  the  computer  is  processing  the  acoustic  data,  simultaneous  mea¬ 
surement  and  calculation  of  all  pertinent  parameters  for  determination  of  the 
nozzle  exit  conditions  and  ambient  conditions  also  are  carried  out  and  re¬ 
corded  on  magnetic  cape.  Since  all  the  pertinent  data  exists  on  one  magnetic 
tape,  the  acoustic  information  is  normalized  by  the  computer  immmediately 
following  the  test. 

3.2  HOLE-IN-THE-WALL  SOURCE  LOCATION  MEASUREMENTS 

The  "hole-in-the-wall"  experiment  is  a  means  of  determining  the  axial 
distribution  of  noise  sources  in  a  jet  plume.  There  are  several  versions  of 
this  method,  but  their  common  feature  is  that  the  jet  is  caused  to  flow 
through  an  aperture  that  is  made  as  small  as  possible  without  affecting  the 
jet  or  producing  additional  noise  through  buffeting  or  toroidal  edge  -  tones. 
The  idea  is  to  separate  the  jet  noise  into  two  parts:  upstream  of  the 
aperture  and  downstream  of  the  aperture. 

Of  course,  the  aperture  cannot  completely  separate  the  noise,  as  there 
is  noise  leakage  through  the  aperature  in  both  directions,  with  preference 
for  contributions  from  upstream  sources  to  appear  downstream  of  the  hole  in 
the  wall.  Potter  and  Jones'1'  ,  in  the  original  version  of  this  method,  used 
a  reverberant  chamber  and  a  movable  jet  nozzle.  They  claim  to  be  able  to 
establish  closure  on  the  noise  distribution  by  first  determining  the  dis¬ 
tribution  by  upstream  measurements  and  then  by  reversing  the  experiment  and 
determining  the  distribution  by  downstream  measurements.  This  contention 
must  be  examined  in  more  detail.  A  schematic  representation  of  a  hole-in- 
the-wall  experiment  is  shown  in  Figure  3-3,  using  two  back-to-back  rever¬ 
berant  or  anechoic  chambers  (A  and  B)  with  an  aperture  between  them.  In  this 
experiment,  the  acoustic  power  in  both  A  and  B  will  be  simultaneously  mea¬ 
sured.  The  sum  of  the  acoustic  power  must  be  a  constant,  P^,  if  there  is  no 
interaction  noise.  Suppose  that  the  aperture  could  completely  separate  the 
noise,  then  as  the  jet  was  withdrawn  into  Chamber  A,  the  power  measured  in 
Chamber  B,  Pg,  would  decrease.  Due  to  leakage,  however,  the  measured  value 
of  Pg  will  be  larger  than  the  true  value.  The  acoustic  power  measured  in  A 
will  likewise  be  decreased  by  an  identical  amount  so  that  "reversing"  the 
experiment  (as  done  by  Potter  and  Jones)  does  not  establish  closure  as  it 
reproduces  the  same  cumulative  power  distribution  in  both  cases. 

(2) 

In  a  more  recent  study,  McGregor  and  Simcox  have  used  a  movable  jet 
and  a  fixed  absorbent  chamber  to  absorb  the  upstream  noise,  and  measured  the 
downstream  noise  with  an  outdoor  microphone  array.  This  method  is  more 
attractive  in  that  it  does  not  require  that  the  reverberant  characteristics 
of  the  chamber  be  calibrated,  and  the  jet  itself  is  not  as  subject  to  possible 
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excitation  due  to  high  acoustic  level  inside  the  chamber.  In  this  method,  it 
is  necessary,  however,  to  calibrate  the  aperture  diameter  versus  axial 
distance  to  maintain  closure  on  the  total  jet  power. 

A  third,  slightly  different,  version  of  the  "hole-in-the-wall"  is  used 
in  this  study,  with  a  translating  absorbent  chamber  and  a  fixed  jet  nozzle 
and  microphone  array.  Figure  3-4  shows  the  absorbent  chamber  mounted  on  a 
cart  that  can  traverse  axially  on  a  set  of  rails.  The  chamber  is  constructed 
of  1/2-inch  transite  and  lined  with  2  inches  of  high  temperature  Kaowool 
acoustic  material.  Two  industrial  mufflers  are  used  to  silence  the  entrain¬ 
ment  air  inlets.  A  series  of  orifice  plates  are  used  to  provide  the  apera- 
ture. 


3.3  LASER  VELOCIMETER  AT  CRD 


The  LV  system  developed  at  G E  CRD  consists  of  (1)  laser,  (2)  optics,  (3) 
processor,  and  (4)  data  acquisition  and  analysis  system.  The  laser  used 
during  this  experiment  was  an  argon  ion  laser  with  maximum  power  of  4  watts 
at  5145  A  wavelength.  The  optics  consisted  of  a  single-color,  dual-scatter 
off-axis  back  scattering  arrangement.  The  transmitting  optics  had  a  focal 
length  of  563  mm.  The  receiving  optics  assembly,  located  at  6°  relative  to 
laser  beam  axis,  contained  an  f/5  receiving  lens.  A  photomultiplier  was  used 
as  the  photodetector.  The  laser  interference  fringes  at  the  scattering 
volume  were  oriented  for  the  axial  velocity  and  its  turbulence  measurement. 

The  entire  laser  and  LV  optics  were  mounted  rigidly  on  an  X-Z  table  for 
obtaining  transverse  velocity  distributions,  where  the  Y  axis  is  along  the  jet 
centerline.  The  X-Z  table  was  driven  by  two  independent  stepping  motors 
along  X  and  Z  directions,  respectively,  to  an  accuracy  of  0.02  mm  per  move. 

The  motion  of  the  table  was  controlled  remotely  by  a  numerical  indexer  via  a 
teletypewriter.  The  X-Z  table  was  mounted  on  two  tracks  on  the  ground, 
parallel  to  the  jet  centerline  (Y  axis),  in  order  to  obtain  various  jet 
downstream  station  measurements  (Figure  3-5) . 

The  electrical  signal  from  the  photomultiplier  was  amplified  via  a  wide¬ 
band  preamplifier  mounted  on  the  X-Z  table,  and  transmitted  to  the  LV  pro¬ 
cessor  located  inside  a  data  control  trailer  15  m  away  from  the  jet  facility. 
The  LV  principle  and  the  digital-counter- type  LV  processor  are  described  in 
detail  by  AsherO).  A  schematic  of  the  LV  signal  processing  technique  is 
shown  in  Figure  3-6.  A  500  MHz  digital  clock  was  used  in  the  processor  for 
particle  transit  time  measurement. 

The  LV  data  acquisition  system  block  diagram  is  shown  in  Figure  3-7. 

The  analog  LV  signal,  proportional  to  the  flow  velocity,  was  input  to  the 
Northern  Scientific  pulse  height  analyzer.  A  velocity  histogram  (probability 
density  function)  was  constructed  after  a  large  amount  of  LV  data  were 
collected  in  the  pulse  height  analyzer.  The  histogram  was  then  recorded  on 
a  digital  cassette  recorder.  The  recorded  LV  histogram  data  were  transmitted 
to  a  computer  at  1200  baud  at  the  end  of  each  test  for  off-line  analysis. 
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Figure*  3-6.  Schematic  of  the  LV  Processor. 
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Figure  3-7.  Block  Diagram  of  the  LV  Data  Acquisition 
System. 
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The  seeding  material  used  for  the  light  scattering  particles  was  1  pm 
diameter  alumina  powder.  The  alumina  powder  was  fluidized  in  a  fluidized  bed 
before  it  was  fed  into  the  plenum  chamber  of  the  jet  flow.  Special  care  had 
to  be  taken  in  positioning  the  seeding  probe  inside  the  plenum  chamber  to 
obtain  the  best  seeding  distribution  for  each  jet  configuration. 
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4.0  THEORETICAL  DEVELOPMENTS 

4.1  BACKGROUND  AND  OVERVIEW 


The  problem  of  jet  noise  in  gas  turbine  exhaust  systems  arises  from 
mixing  of  the  jet  exhaust  stream  with  the  ambient  atmosphere.  The  mixing 
process  is  extremely  unsteady  at  high  Reynolds  numbers  characteristic  of  gas 
turbine  engines,  so  that  one  is  inevitably  dealing  with  a  noisy  flow.  From 
a  fundamental  point  of  view,  one  may  say  that  noise  is  a  consequence  of  a 
flow  being  both  unsteady  and  compressible.  Jet  flows  are  unsteady  because 
the  mixing  of  two  streams  at  different  velocities  is  inherently  unstable*  and 
hence  a  continuous  source  of  turbulence. 

The  basis  for  the  understanding  of  jet  noise  was  laid  in  the  early 
1950' s  in  two  papers  of  Lighthill ^ > 5) .  Lighthill  introduced  his  theory  of 
jet  noise  as  follows.  The  exact  equations  of  continuity  and  motion  can  be 
written  as: 


Ifi. 

at 


+  T —  (pv.)  =  0 

j 


(1) 


a_ 

at 


(pvp 


(pvivj  +  Pij)  =  0 


(2) 


Pij  '  P<iJ  '  Tij 


(3) 


In  equations  (1),  (2),  and  (3),  p  denotes  density,  v^  denotes  the  i*-*1  com¬ 
ponent  of  velocity  (Cartesian  components) ,  xj  the  corresponding  space  coordi¬ 
nate,  Pij  the  compressive  stress  tensor  consisting  of  a  pressure  term  p6-j_j 
(6-y  is  the  Kronecker  delta  function),  and  the  viscous  stress  tensor.  It 
is  characteristic  of  Lighthill's  development  of  the  jet  noise  problem  that  he 
used  the  momentum  equation  in  Reynolds  form  and  that  he  made  no  use  of  the 
energy  equation  (which  for  an  inviscid,  nonheat-conducting  gas  of  specific 
heat  ratio  y  would  be 

D£  =  I£ 

Dt  p  Dt 

with  D/Dt  denoting  a  differentiation  following  the  fluid).  It  should  be  noted 
that  equations  (1)  and  (2)  assume  the  absence  of  any  explicit  mass  or  force 
sources  in  the  fluid,  and  are  thus  tailored  to  reveal  noise  sources  in  the 
absence  of  any  obvious  sources  such  as  unsteady  combustion,  struts  (which  may 
induce  fluctuating  forces),  etc.  This  development  is  certainly  pertinent  to 

*  The  word  "unstable"  is  only  intended  to  convey  that  it  is  the  instability 
of  a  jet  exhaust  flow  that  causes  the  generation  of  the  intensely  turbulent 
free  shear  layers.  It  is  not  intended  to  imply  the  presence  of  resonant 
or  ordered  structure  phenomena. 
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jet  noise  since  it  is  hoped  that  tiie  burning,  etc.,  is  complete  by  the  time 
the  flow  leaves  the  nozzle,  and  struts,  etc.,  are  usually  absent  in  the  ex¬ 
haust  plume. 


By  taking  h/9t  of  equation  (1)  and  3/3x^  of  equation  (2)  and  sub¬ 
tracting  the  latter  from  the  former,  one  arrives  at  the  Lighthill  equation 
(which  is  an  exact  equation),  namely 


32p  2  2 

at2  "  a°  P  " 


3x . 3x . 
i  1 


<v 


(4) 


where  T-jj  =  pv-jvj  +  (p  -  ag  -  t  —  .  The  term  ag  is  (so  far)  any  con¬ 

stant  velocity,  but  for  low  Mach  number,  unheated  flows  at  least,  it  will  be 
convenient  to  take  ao  as  the  undisturbed  speed  of  sound,  thus  eliminating 
(approximately)  the  term  (p  -  aQ^p)6^j  in  T^j .  In  equation  (4),  the  usual 
convention  that  repeated  indices  imply  summation  over  the  repeated  index  from 
1  to  3  is  followed. 


The  ingenuity  of  Lighthill’s  manipulating  equations  (1)  and  (2)  to  lead 
to  (4)  notwithstanding,  it  is  important  to  note  that  a  somewhat  deeper  idea 
than  mere  manipulation  is  involved  in  the  development  of  equation  (4) . 
Source-free  linear  acoustics  of  a  uniform,  homogeneous  medium  is  governed  by 
the  equation 

v  ■  -  &  -  ° 

On  the  other  hand,  if  sources,  say  s(x,  t) ,  are  present,  equation  (5)  would 
be  modified  to 


V 


=  s(x,  t) 


(6) 


Based  on  equations  (5)  and  (6),  one  may  say  that,  in  attempting  to  cast  the 
jet  noise  problem  in  the  framework  of  classical,  linear  acoustics  of  a 
stationary,  uniform,  homogeneous  medium,  Lighthill  saw  that  noise  sources 
arise  in  this  analogy  to  the  extent  that  in  a  fluid  flow  S^p/at^  is  not 
balanced  by  ag^V2p .  In  other  words,  if  one  wishes  to  draw  an  analogy  to  the 
linear  acoustics  of  a  stationary,  uniform,  homogeneous  medium,  the  sources 
are  precisely  the  extent  to  which  the  pertinent  wave  equation  for  such  a  flow 
(Lqp  =  0)  is  not  satisfied.  The  ingenuity  of  Lighthill's  formulation  is,  of 
course,  in  showing  that  this  residual  or  imbalance  was  exactly  32/9x^3xj 
(Tfj). 


Retarded  time  solutions  to  equation  (4)  can  be  written  down  formally, 
but  they  show  immediately  that  no  further  progress  can  be  made  unless  intui¬ 
tive  assessments  are  made  of  the  "source"  term  Tj_j .  Lighthill  argued  that 
with  ag  taken  as  the  speed  of  sound  in  the  undisturbed  medium  and  neglecting 
viscous  stresses  the  dominant  part  of  T-jj  would  be  pv^vj  .  To  make  further 
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progress,  he  assumed  that  (pv^vj)  could  be  approximated  by  i>jvtivtj»  where  pj 
is  the  mean  jet  density  and  vt^  the  nonacoustic  portion  of  the  fluid  veloc¬ 
ities.  If  these  arguments  are  accepted,  the  source  terms  can  then  be  esti¬ 
mated,  at  least  on  a  similarity  basis. 

The  second  key  idea  that  Lighthill  advanced  relates  to  the  consequences 
of  the  source  term  appearing  in  equation  (4)  as  a  double  divergence.  The 
physical  result  that  he  deduced  was  that  jet  noise  was  due  to  a  large  number 
of  small,  statistically  independent  volumes  (called  eddies)  with  each  of 
these  eddies  contributing  noise  of  a  quadrupole  character.  To  understand 
this,  one  must  first  note  that  if  the  spatial  extent  over  which  the  pv^vj 
term  of  T^j  is  correlated  as  small  compared  to  the  wavelength  of  the  emitted 
sound,  the  source  region  is  what  is  termed  "compact"  in  acoustic  terminology, 
and  can  be  treated  essentially  as  a  point  source*.  Mathematically,  at  a  given 
frequency,  one  would  approximate  P^vt^vtj  by  a  three-dimensional  delta  func¬ 
tion  representation  as  pjQ6(x)  exp  (jiot)  .  To  decide  when  the  source  regions 
are  indeed  compact,  a  dimensional  argument  must  be  resorted  to,  as  fol¬ 
lows  . 

If  l  denotes  a  length  scale  of  the  eddies  and  u  the  value  of  the  veloc¬ 
ity,  Lighthill  points  out  that  the  associated  frequency  will  be  proportional 
to  (u/l),  so  that  the  ratio  (Sl/X)  (X  being  the  wavelength  of  the  emitted 
sound)  will  be  proportional  to  (u/ag) .  Based  on  this,  one  may  say  that,  if 
the  flow  Mach  numbers  are  small,  the  eddies  are  likely  to  be  compact.  The 
condition  of  low  Mach  number  flows  by  itself  is  too  restrictive  and  not  very 
interesting  because  jet  flows  are  not  noisy  at  low  Mach  numbers. 

To  cope  with  the  high  Mach  number  jet  noise  problem,  Lighthill  points 
out  that  the  eddies  that  create  jet  noise  are  convected  with  the  flow,  and  in 
their  own  frame  of  reference  are  actually  decaying  rather  slowly  (hot  film 
measurements  of  jet  flows  with  two  spatially  separated  probes  confirm  this) . 

The  reader  is  referred  to  Lighthill's  papers^, 5)  for  a  fuller  exposition  of 
these  ideas.  The  end  result  is  that  when  eddy  convection  is  accounted  for, 
the  resulting  source  compactness  condition  is  that  the  turbulent  (fluctuating 
velocity)  Mach  number  (M^)  must  be  small.  The  reasons  for  this  modified 
condition  are  that  a  frozen,  subsonically  convecting  pattern  generates  no 
sound  and  hence  only  the  time  variations  (frequencies)  in  the  eddy's  own 
(convected)  frame  of  reference  create  sound.  These  frequencies  (in  the 
eddy's  own  frame  of  reference)  are  proportional  to  ( u'/i )  where  u'  is  the 
fluctuating  velocity.  The  condition  that  Mj.  be  small  is  likely  to  be  met  even 
for  high  speed  jets,  since  turbulence  levels  (referenced  to  the  jet  exit  velocity) 
rarely  exceed  15 %  or  so.  Thus,  even  for  a  Mach  2.0  jet,  Mt  will  not  exceed 
0.3. 

There  is  a  small  price  to  be  paid  for  this  ability  to  cope  with  high  jet 
Mach  numbers;  the  linear  acoustic  theory  has  to  be  developed  to  handle  the 
problem  of  radiation  from  convected  quadrupoles,  and  the  usual  Doppler 
effects  on  frequency,  pressure  amplitudes,  directivity,  etc.,  have  to  be 
considered.  The  development  of  the  consequences  of  convection  of  the  quad¬ 
rupoles  was  a  major  contribution  of  Lighthill's  analysis. 

*  As  will  be  pointed  out  shortly,  it  is  neither  physically  desirable 
(especially  in  dealing  with  high  jet  velocities)  nor  mathematically 
necessary  to  assume  source  compactness  in  jet  noise  theory.  Source  non- 
compactness  effects  were  first  treated  by  Kfowcs-Wi 11 iams (b)  and  Ribner^'^ 
and  are  fully  accounted  for  in  this  report  though  the  Lighthill  notion  of 
ascribing  jet  noise  to  a  large  number  of  statistically  independent  volumes 
is  retained  while  accounting  for  source  noncompactness  effects  within  these 
vo 1 umes . 
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Analtyical  details  of  how  to  solve  the  problem  of  radiation  from  con- 
vected  quadrupoles  (within  the  framework  of  classical,  linear  acoustics  of  a 
uniform,  stationary,  homogeneous  medium)  are  given  in  Lighthill's  papers,  and 
the  details  of  the  procedure  are  not  repeated  herein.  The  purpose  here  is  to 
summarize  broadly  the  predicted  results. 

The  results  can  be  classified  into:  (1)  those  associated  with  noncon- 
vective  aspects,  and  (2)  those  associated  with  the  convection  of  the  eddies. 

The  principal  type  (1)  result  is  that  the  acoustic  power  radiated  by  a  point 
quadrupole  of  strength  Q  and  frequency  <■>  is  proportional  to  Since  the 

frequency  itself  scales  as  (u/2.)  and  since,  for  a  given  nozzle  geometry,  i.  is 
expected  to  be  insensitive  to  jet  velocity  and  jet  temperature  (at  least  as  a 
first  approximation),  Lighthill's  formulation  predicts  that  jet  noise  power 
at  low  jet  Mach  numbers  (and  the  mean  square  pressure  at  any  given  far-field 
angle)  would  scale  as  when  jet  velocity  U  and  jet  density  are  varied 

(note  that  the  quadrupole  strength  Q  itself  would  vary  as  p-jU^).  It  is  worth 
repeating  that  the  eighth  power  velocity  law  is  crucially  related  to  the  point 
quadrupole  nature  of  the  jet  noise  radiation.  The  point  quadrupole  nature  of  the 
sources  in  turn  exist  not  only  because  equations  (1)  and  (2)  can  be  manip¬ 
ulated  to  yield  equation  (4) ,  but  also  because  the  most  important  part  of  T-y 
is  estimated  to  be  pv^vj  and  because  it  is  further  assumed  (confirmed  by 
experimental  observations)  that  the  Reynolds  stresses  (v-jvj)  are  correlated 
over  lengths  small  compared  to  the  acoustic  wavelength  corresponding  to  the 
frequency  at  which  the  eddies  radiate. 

The  convective  aspects  of  Lighthill's  results  will  now  be  stated.  The 
result  for  the  acoustic  pressure  of  a  convected  point  quadrupole  is  that  its 
pressure  is  modified  from  that  of  a  stationary  point  quadrupole  as 


Pm  3 

(1  -  M  cosO) 
c 


(7) 


where  pm  is  the  pressure  of  the  moving  quadrupole,  Mc  is  its  convection  Mach 
number  (referenced  to  the  speed  of  sound  of  the  uniform,  homogeneous,  sta¬ 
tionary  medium  through  which  it  moves).  The  angle  0  is  the  angle  made  be¬ 
tween  the  source-observer  direction  and  the  line  of  source  motion,  with  the 
source  position  taken  at  the  instant  where  the  source  was  when  it  emitted  the 
radiation  reaching  the  observer  at  current  time.  The  pressure  Pg  is  that 
which  a  stationary  source  (located  at  the  retarded  position)  would  produce  at 
the  same  far-field  location.  Equation  (7)  has  the  restriction  that  it  is 
valid  only  for  point  quadrupoles  convecting  at  a  uniform  velocity. 

In  applying  equation  (7)  to  the  jet  noise  problem,  Lighthill  suggested 
that  the  mean  square  pressure  would  vary  as 
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Ffowcs-Williams and  Ribner  showed,  however,  that  two  changes  need  to  be 
made  to  equation  (8)  before  it  can  be  applied  to  the  jet  noise  problem. 

First  they  showed  that  when  the  integration  over  a  finite  jet  volume  of  a 
large  number  of  statistically  independent  eddies  is  carried  out,  the  proper 
factor  in  the  denominator  of  equation  (8)  ought  to  be  (1  -  Mc  cos9)8  rather 
than  (1  -  Mc  cos0)8.  The  eddy  convection  velocity  by  measurement  for  round 
nozzle  flows  is  found  to  be  roughly  65%  of  the  ideal  jet  exit  velocity. 


The  second  modification  introduced  bv  Ffowcs-Williams  and  Ribner  is  of 
considerable  importance.  Note  first,  that  if  the  frequency  of  the  eddy  in 
its  own  frame  of  reference  is  tog,  the  frequency  of  the  emitted  sound  in  the 
far  field  is  given  by  the  Doppler  shift  formula  wq/(1  -  Mc  cos9).  This  means 
that  however  small  oiq  might  be,  for  supersonic  eddy  convection  (Mc  >1),  the 
observed  frequency  along  the  direction  0C  =  cos_8(l/Mc)  is  infinite  and  the 
associated  wavelength  is  zero.  This  means  that  however  small  the  correlated 
source  region,  it  cannot  be  regarded  as  compact  along  the  direction  0C. 

This  difficulty  with  the  original  Lighthill  result  (a  foretaste  of  which  is 
that  equation  (8)  "blows  up"  or  is  singular  at  Mc  cos  =  1)  led  Ffowcs-Williams 
and  Ribner  to  independently  develop  a  more  generally  valid  result. 
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[(1  -  M  cosQ) 2  +  a2  M  2]5/2 


(9) 
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where  a  is  a  semiempirical  constant  (noncompactness  parameter)  allowing  for 
finite  eddy  correlation  volumes. 

Essentially,  the  picture  of  jet  noise  prediction  that  emerged  in  the 
early  1960's  or  so  was  as  follows.  The  total  acoustic  power  was  predicted 
and  measured  to  vary  as  U8  at  low  jet  velocities  transitioning,  to  a  U8  -  law 
at  high  jet  velocities.  The  directionality  was  predicted  to  be  basically  as 
[(1  -  Mc  cos0)2  +  a^Mc2]-8'2  with  Ribner 's (7)  development  predicting  an  addi¬ 
tional  cos20  type  dependence  at  low  frequencies.  The  spectral  distribution 
for  geometrically  similar  nozzles  was  predicted  to  scale  such  that  f£/Vj  was 
constant.  This  last  result  was  not  so  much  an  insight  from  the  Lighthill 
equation  as  simply  based  on  dimensional  reasoning.  When  jet  temperature  was 
changed  (keeping  jet  velocity  constant),  by  virtue  of  the  fact  that  jets  are 
essentially  constant-pressure  flows,  jet  density  will  also  be  changed  and  the 
theory  suggests  that  noise  power  and  mean  squared  pressure  would  vary  as  pj2. 
In  subsequent  work,  Lighthill  suggests  that  because  jet  noise  arises  from  the 
mixing  of  the  jet  with  the  ambient,  the  strength  of  the  quadrupoles  ought  to 
be  taken  as  proportional  to  (pj  +  pg)/2  where  Pq  is  the  density  of  the  am¬ 
bient  fluid  rather  than  just  to  pj.  Hence,  he  suggested  that  the  variation 
with  jet  density  might  be  expressible  as  a  power  law  Pjw,  where  to  lies  be¬ 
tween  1  and  2. 


Apart  from  the  source  aspects  (such  as  low  frequency  shear  noise) ,  the 
predictions  of  the  Lighthill  theory,  whether  for  the  U8-law,  the  p..  to  the 
power  1  to  2  dependence,  or  the  [(1  -  Me  cosO)  +  a2Mc2]~5/2  directivity, 
not  noticeably  frequency  dependent. 
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The  Lighthill  theory  led  to  at  least  two  notable  ideas  for  jet  noise 
suppression.  Since  the  thrust  of  a  jet  varies  as  AjVj^  (where  Aj  is  the  jet 
exhaust  area)  and  its  acoustic  power  as  A^Vj®,  it  is  easily  demonstrable  that 
jet  noise  could  be  reduced  at  constant  thrust  by  raising  exhaust  area  and 
lowering  jet  velocity.  The  high  bypass  ratio  fan  engine  is  an  embodiment  of 
this  concept,  and  indeed  by  and  large,  the  noise  of  these  engines  (especially 
the  ones  that  power  the  wide  bodied  transports  averaging  bypass  ratios  of 
5:1)  is  not  dominated  by  jet  mixing  noise  at  all.  For  straight  turbojet 
cycles,  ideas  due  to  Greatrex(S)  and  others  led  to  the  notions  of  "mixer" 
nozzles  such  as  the  daisy  nozzles.  The  exact  basis  by  which  such  nozzles 
serve  to  reduce  noise  was  not  completely  understood,  but  it  seemed  clear  that 
at  least  one  ingredient  in  the  reduction  was  the  tendency  for  these  nozzles 
to  produce  enhanced  jet  mixing  by  allowing  for  greater  entrainment  (as  com¬ 
pared  to  a  circular  nozzle) ,  and  thus  reducing  the  integrated  value  of  the 
Lighthill  stress  tensor  (pv^vj). 

The  experimental  data  in  the  early  1960’s  tended  to  confirm  several  of 
the  Lighthill  predictions  in  the  gross  aggregate.  Peak  overall  sound  pressure 
levels,  overall  power  levels  (abbreviated  as  OAPWL) ,  etc.,  showed  the  U®  -  iP 
behavior.  The  directivity  of  the  overall  sound  pressure  levels  tended  to 
follow  roughly  a  (1  -  Mc  cos 0)~5  typo  variation  with  Mc  taken  as  0.65  Mj .  The 
predicted  density  dependence  was,  however,  never  checked  out  carefully.  When 
nozzle  size  was  varied  (other  things  being  kept  equal) ,  frequencies  do  scale 
inversely  as  the  length  ratio  but  when  jet  velocity  is  varied  (other  things 
being  held  fixed),  the  measured  far-field  frequencies  do  not  appear  to  scale 
linearly  with  velocity  as  would  be  expected  from  the  notion  that  (f£/V)  stays 
constant. 

One  of  the  first  measured  discrepancies  from  the  Lighthill  theory  was 
the  fact  that  the  directivity  of  the  high  frequency  noise  in  jets  with  sub¬ 
sonic  eddy  convection  velocities  often  did  not  follow  the  predicted  (1  - 
Mc  cos(J)~5  directivity,  but  exhibited  a  heart-shaped  dip  near  the  jet  axis. 
Another  significant  discrepancy  was  what  has  been  picturesquely  termed  by 
Ribner  as  the  "reverse"  Doppler  shift.  If  one  measured  jet  noise  from  0=0 
to  9  =  90°  (again  for  convenience  restricting  oneself  to  jets  with  subsonic 
eddy  convection  velocities) ,  one  would  expect  from  the  Lighthill  theory  that 
the  sound  field  at  shallow  angles  would  be  dominated  by  higher  frequencies 
while  that  at  the  more  broadside  angles  would  be  dominated  by  lower  fre¬ 
quencies.  This  is  because,  by  the  Doppler  shift  formula,  the  emitted  fre¬ 
quency  is  related  to  the  source  frequency  by  the  expression  wn/(l  - 
Mc  cosO) .  Actual  measurements  exhibit  the  reverse  tendency,  with  the  sound 
pressure  level  at  90°  to  the  jet  axis  often  being  peaked  at  a  frequency  three 
times  higher  than  that  at  0  =  30°.  Ribner(9)  has  explained  this  "reverse" 
Doppler  shift  as  due  to  two  features.  First,  Ribner's  self  noise  -  shear 
noise  decomposition  itself  shows  that  the  low-frequency  noise  will  be  biased 
towards  the  jet  axis,  whereas  the  high-frequency  noise  is  omnidirectional. 
Second,  Ribner  points  out  that  the  mean-flow  velocity  and  temperature  pro¬ 
files  would  refract  away  the  high-frequency  sound  from  the  jet  axis.  Indeed, 
Ribner  and  his  students  performed  several  experiments  in  the  mid-1960's  with 
artificial  sound  sources  (discrete  frequency  point  sources)  in  jet  flows 
which  exhibit  heart-shaped  dips  close  to  the  jet  axis  in  the  far  field  quite 
similar  to  jet  noise  data  itself. 
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A  series  of  experiments  conducted  by  Lush^^  were  notable  for  the  fact 
that  for  subsonic  unheated  jets,  over  a  range  of  velocities  [91.4-304,8  m/sec 
(300-1000  ft/sec)],  an  attempt  was  made  to  make  a  fairly  detailed  theory  - 
data  comparison  with  the  Lighthill  theory. 

Lush  begins  (in  terms  of  theory  -  data  comparison)  by  noting  that,  from 
the  Lighthill  theory,  one  would  expect  the  far-field  acoustic  pressure  on  a 
given  arc  (for  a  given  nozzle  exhausting  into  a  given  ambient)  to  vary  as 


(9,  u>) 


'■V8  Ft(0,  u,Q)  C(q,0) 

(1  -  M  costf)5 
c 


(10) 


where  u  =  q)q/(1  -  Mc  cos#). 

In  equation  (10),  Fj  (0,  Wq)  would  be  the  intrinsic  directionality  of  the 
sound  at  a  source  frequency  uiq  and  G(u>q)  the  intrinsic  source  spectrum  [not 
predicted  at  all  by  the  Lighthill  theory  but  determined  in  principle  by 
knowledge  of  the  turbulent  dynamics  of  the  eddy  in  its  own  frame  of  ref¬ 
erence].  Lush  assumes  that  Fj  (6,  *«•())  is  essentially  unity  (i.e.,  he  takes 
the  intrinsic  directionality  to  be  omnidirectional)  and  also  neglects  the 
(a^Mc^)  type  correction  in  the  denominator  of  equation  (10).  His  experiments, 
being  with  subsonic  jets,  involved  Mc  <  0.65,  so  that  the  (a^Mc^)  term  was 
always  small  compared  to  (1  -  Mccos0)2.  To  avoid  the  need  to  know  G(wg), 

Lush  examined  the  variation  of  <^p*^  (0,  w)  with  fixed  ujq  and  varying  0. 

Finally,  in  seeking  to  collapse  data  from  different  nozzle  sizes,  and  at 
different  velocities  from  a  given  nozzle  size,  Lush  examined  the  directivity 
at  fixed  values  of  [ ojqcI / 2 tt U j  ,  where  U  is  the  jet  velocity.  This  procedure 
involves  determining  the  directivity  at  fixed-source  Strouhal  numbers  and 
entails  examining  the  far-field  acoustic  pressures  at  a  frequency  dependent 
on  the  angle,  i.e.,  at  [uig/(l  -  Mccos0)].  Also,  a  suitable  value  of  Mc  must 
be  assumed,  and  Lush  chose  the  traditional  estimate  of  Mc  =  0.65  .  Since 

Lush  was  working  with  room  temperature  air  jets  operated  at  subcritical 
pressure  ratios,  the  variation  of  in  his  experiments  was  quite  small  and 

therefore  negligible.  Consistent  with  his  assumption  of  an  omnidirectional,  . 
Fj  (0,  uq)  ,  Lush  expected  (from  Lighthill's  theory)  that  the  variation  of  \py 
(0,  w)  at  fixed  (uiq,  U)  would  vary  with  8  as  (1  -  Mccos6)“5,  At  fixed  (6,  u>) 
the  variation  with  U  would  be  as  U°/(l  -  M  cos0)^.  Data  for  w(l  -  f^cosS^d/Zirl) 
from  0.03  to  1.00  (which  brackets  the  range  of  frequencies  occurring  in  jet 
noise  quite  well)  was  examined  by  Lush.  With  regard  to  the  directivity  at 
fixed-source  Strouhal  numbers,  he  found  that  an  expression  of  type  (1  - 
Mc  cos#)--*  overestimates  the  variation  with  angle  of  the  measured  data  at 
high  source  Strouhal  numbers,  and  conversely,  at  low  Strouhal  numbers  the 
variation  is  underestimated.  Similarly,  at  shallow  angles  to  the  jet  axis 
and  at  high  frequencies,  U®/( 1  -  Mc  costf)^  overestimates  the  measured  varia¬ 
tion  with  U,  and  conversely,  at  shallow  angles  and  low  frequencies  the  mea¬ 
sured  variation  with  U  is  underestimated  by  this  expression.  At  large  angles 
to  the  Jet  axis,  Lighthill's  theory  and  ideas  work  fairly  well.  For  example, 
at  0  »  908 ,  the  pressures  scale  very  well  as  U®  and  the  peak  frequency  scales 
extremely  well  at  U/d.  Correspondingly  at  shallow  angles,  e.g.,  at  0  ■  30°, 
the  peak  frequency  appears  almost  insensitive  to  jet  velocity. 
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It  is  appropriate  to  note  the  rather  significant  discrepancies  from  the 
l.ighthill  theory  found  by  Hoch,  et  al(^)  in  the  area  of  heated  jet  noise. 

As  mentioned  earlier,  the  Lighthill  theory  leads  one  to  expect  that  the  mean 
square  pressures  (as  well  as  the  acoustic  power)  will  vary  as  pjW  where  w 
lies  between  1  and  2  when  jet  density  alone  is  varied.  Measurements  by  Hoch 
and  his  colleagues  of  this  "jet  density  exponent"  u  showed  it  to  be  a  strong 
function  of  logpo  (Vj/CQ)  where  Vj  is  the  jet  velocity  and  CQ  the  ambient 
speed  of  sound.  Often,  u;  is  negative  for  V.  Ca  being  as  small  as  -0.5,  while 
u  approaches  2  for  Vj/C0  approaching  and  exceeding  1.6.  Heating  the  jet  flow 
(at  constant  Vj )  also  tends  to  bias  the  relative  power  spectrum  towards  lower 
and  lower  frequencies. 

The  estimation  by  Lighthill  that  (pv^Vj)  is  the  most  important  part  of 
,  and  his  subsequent  approximation  of  it  by  (p jvt ivt • ) »  has  proved  most 
valuable  in  providing  key  insights  into  the  jet  noise  problem  as  evidenced 
by  the  previous  discussion.  It  is  also  true,  however,  that  this  approxima¬ 
tion  essentially  suppresses  all  effects  associated  with  the  influence  of  the 
mean-flow  velocity  and  temperature  environment  of  the  jet,  i.e.,  convection, 
refraction,  and  shielding  of  the  radiation  from  the  moving  eddies. 

This  neglect  of  mean-flow  effects  in  the  Lighthill  development  was 
pointed  out  by  several  writers  in  the  1960's,  notably  Ribner^)^  Powell^2)> 
Phillips^1^  ,  and  Csanadyd^).  The  retraction  effect  alluded  to  earlier  is, 
of  course,  one  example  of  this.  Powell^1-'  pointed  this  out  by  stressing  that 
convection  of  the  elementary  quadrupole  generators  leads  to  a  difficulty  with  the 
theory.  Since  the  mean  square  pressure  of  a  conglomerate  of  moving  quadrupoles  is 
different  from  tiiat  of  a  stationary  one  by  the  factor  (1  -  Mccos8)~-\  by  integrat¬ 
ing  this  factor  weighted  by  sin  0  (to  account  for  the  solid  angle)  from  6  =  0°  to 
6  =  n ,  one  can  show  that  the  acoustic  power  of  the  moving  quadrupole  ought  to 
be  greater  than  that  for  a  stationary  one  by  a  factor  (1  +  Mc^)/(1  -  Mc^ )  . 

This  means  that  from  the  Lighthill  theory,  one  would  expect  the  overall  power 
level  to  vary  as  U®  (1  +  Mc^)/(1  -  Mc^)^.  As  Powell  points  out,  based  on  this, 
one  can  expect  not  just  an  eighth  power  law  but  a  power  law  with  a  velocity 
exponent  ranging  from  9  to  16.  Experiments,  of  course,  show  a  faithful  adher¬ 
ence  to  an  eighth  power  law.  Lighthill  himself  was  aware  of  this  difficulty, 
but  felt  that  the  turbulence  intensity  of  jet  flows  (as  a  fraction  of  the  jet 
velocity)  diminished  with  increasing  jet  Mach  number  in  a  manner  sufficient 
to  restore  the  eighth  power  law.  The  faithful  adherence  to  an  eighth  power 
law  of  the  overall  sound  pressure  level  (OASPL)  at  90°  to  the  jet  axis,  how¬ 
ever,  fails  to  support  this  contention.  Ribner,  Powell,  and  Csanady  have 
suggested  a  much  more  reasonable  resolution.  Consider  an  eddy  moving  in  a 
jet  flow.  The  reason  that  the  eddy  moves  is,  of  course,  that  the  jet  fluid 
moves.  Relative  to  its  immediate  environment,  the  eddy  is  actually  not  moving 
at  all.  At  high  frequencies  in  particular,  one  would  expect  the  power  radia¬ 
tion  of  the  eddy  to  be  governed  by  its  immediate  environment,  and  since  the 
eddy  has  no  velocity  relative  to  this  environment,  one  would  not  expect  "con¬ 
vective  amplification"  at  high  frequencies.  (The  enhancement  of  power  in  the 
Lighthill  theory  by  the  factor  (1  +  Mc  )/(l  -  Mc  )^  is  often  referred  to  as 
"convective  amplification.") 
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The  idea  of  systematically  accounting  for  the  effect  of  the  jet  flow 
on  the  radiation  by  the  quadrupoles  was  pursued  intensively  first  by 
Phillips (13)  and  subsequently  somewhat  more  completely  by  Lille}  *"15; ,  To 
explain  this  idea,  Lighthill's  notion  that  jet  noise  sources  arise  to  the 
extent  to  which  some  "standard"  source-free  wave  equation  is  not  satisfied 
is  employed.  In  Lilley's  development,  the  standard  equation  chosen  is 
not  the  equation  governing  wave  propagation  in  a  stationary,  uniform,  homo¬ 
geneous  medium.  Lilley  notes  that  to  a  rough,  first  approximation,  the  jet 
flow  may  be  treated  as  a  constant  pressure,  parallel  sheared  flow.  The  equa¬ 
tion  governing  wave  propagation  in  this  type  of  flow  is  the  Orr-Sommer field 
equation  often  used  to  study  the  stability  of  such  flows.  Symbolically 
denoting  this  by  Log(p')  =  0,  Lilley  attempts  to  determine  by  using  the  full 
equations  of  motion  the  extent  to  which  LQg(p')  ^  0.  This  exercise  may  be 
symbolically  summarized  by  saying  that 

Los(p')  -  sL111  (5.  t)  (il) 


The  problem  with  equation  (11),  however,  is  that  it  is  not  so  easy  to  esti¬ 
mate  SLiHey  from  the  full  equations  of  motion.  Lilley  assumes  the  follow¬ 
ing:  (l)  the  mean-flow  is  at  constant  static  pressure,  (2)  the  gas  is  in- 
viscid,  nonheat  conducting,  and  of  constant  specific  heat  ratio  y  without 
any  externally  imposed  heat,  mass,  or  momentum  sources,  (3)  all_field  vari¬ 
ables  decompose  into  a  steady  and  fluctuating  part,  e.g.,  u^  =  u^  +  u'i, 
where  an  overbar  denotes  a  time  average  or  steady  part  (also  let  r  denote 
log  (p/pg)  where  pq  is  a  reference  pressure  and  c  the  local  speed  of  sound) , 
(4)  the  mean-flow  is  unidirectional  and  depends  only  on  one  transverse  coor¬ 
dinate  X2>  i.e.,  u.^  =  V  (x2)<51j,  (5)  whenever  second  order  products  of  fluc¬ 
tuating  quantities  such  as  r'u'^,  r'^,  (c^)'u't,  (c^j'r'  appear,  they  are 
neglected  (however,  second  order  velocity  products  such  as  u'-^u'^  are  re¬ 
tained),  (6)  is  only  a  function  of  X2»  By  subtracting  the  time  averaged 
portions  of  the  equations  of  motion  from  the  full  equations  of  motion  (using 
the  six  assumptions  previously  listed),  and  defining  D/Dt  as 


Lilley  shows  that  one  can  develop  an  equation  of  type  (11)  as  follows: 
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From  this  point  on,  Lilley's  equation  (12)  is  followed  through  in  terms  of 
application  to  jet  noise  in  a  manner  similar  to  Lighthill's  equation.  The 
quantity  r'  for  small  values  of  p'  relative  to  pg  may  be  shown  to  be  equal 
to  (p'/pg).  Taking  u'^  on  the  righthand  side  of  equation  (12)  to  be  the 
known,  solenoidal,  turbulent  velocity  fluctuations,  (12)  provides  an  inhomo¬ 
geneous  Orr-Sommerf ield  equation  for  (p'/pq)  much  as  Lighthill's  theory  pro¬ 
vides  an  inhomogeneous  uniform,  homogeneous,  stationary  medium  wave  equation. 

Several  assumtpions  have  to  be  made  in  arriving  at  equation  (12)  ,  but 
granting  the  validity  of  these  assumptions,  a  source  term  is  obtained  in 
equation  (12)  which  is  purely  quadratic  in  the  fluctuating  velocities,  unlike 
Lighthill's  equation  (or  Phillip' s^^)  equation  which  was  a  predecessor  to 
Lilley's  equation).  While  there  is  no  doubt  that  Lighthill's  equation  is 
exact  and  thus  contains,  in  principle,  all  the  physics  of  jet  noise  (but  then 
so  do  the  full  equations  of  motion) ,  it  also  seems  that  precisely  because  in¬ 
tuitive  estimates  of  source  terms  are  ultimately  involved,  Lilley's  develop¬ 
ment  is  better  tailored  to  the  high  speed,  high  temperature  jet  noise  problem. 
It  is,  however,  only  proper  to  note  the  limitations  of  Lilley's  equation.  It 
neglects  jet  spread  by  assuming  a  parallel,  sheared  flow.  It  assumes  the  jet 
flow  to  be  at  constant  static  pressure.  With  multielement  suppressors  under 
static  conditions,  significant  variations  of  "base"  pressure  occur,  thus, 
making  the  constant  static  pressure  assumption  questionable.  Despite  the  fact 
that  the  neglect  of  terms  is  carried  out  systematically  [assumption  (5)],  it  is 
true  that  Lilley's  development  assumes  fundamentally  that  jet  mixing  and  jet 
noise  is  a  process  that  can  be  regarded  as  a  small  perturbation  about  a 
parallel,  sheared  flow.  Since  fluctuating  velocities  as  high  as  40%  of  the 

local  mean  velocity  are  common,  and  even  local  flow  r  -'ersals  can  occur  in 

jet  flows,  a  "small  perturbation"  assumption  can  cle.  -y  be  questioned.  It 
is  not  as  easy  to  solve  Lilley's  equation  as  it  is  to  solve  Lighthill's  equa¬ 
tion.  In  particular  it  is  noted  that  it  is  almost  impossible  to  solve 

Lilley's  equation  when  the  jet  cross  section  is  not  axially  symmetric  (e.g., 
for  a  rectangular  jet  or  a  daisy  nozzle,  etc.). 

A  final  objection  to  Lilley's  equation  arises  from  the  fact  that  it  is 
an  inhomogeneous  Orr-Sommerf ield  equation.  Since  there  are  unstable  solutions 
to  the  homogeneous  Orr-Sommerf ield  equation,  it  is  clear  that  even  without 
any  "sources"  equation  (11)  can  yield  solutions  that  yield  acoustic  radiation 
in  the  far  field.  The  only  solution  to  the  homogeneous  form  of  Lighthill's 
equation  3^p/3t^  -  a^V^p  -  g  satisfying  the  outgoing  wave  radiation  condi¬ 
tion  in  the  far  field  is  the  trivial  solution  p  H  o. 

While  this  difficulty  with  Lilley's  equation  is  still  a  matter  of  con¬ 
troversy,  it  is  felt  that  since  Lilley's  approach  could  be  regarded  as  a 
passive  analogy  approach  similar  to  Lighthill's,  there  is  no  need  to  avoid 
using  it  on  the  basis  of  the  possibility  of  unstable  solutions  to  the  homo¬ 
geneous  Orr-Sommerf ield  equation.  The  motivation  to  use  an  equation  of  the 
Lilley  type  is  that  practically  all  the  previously  cited  discrepancies  be¬ 
tween  the  Lighthill  theory  and  experimental  data  can  be  resolved  if  we 
systematically  account  for  acoustic/mean-flow  interactions  on  the  basis  of 
an  equation  of  Lilley's  type.  Acoustic  mean  flow  interactions  affect  jet 
noise  radiation  in  several  ways.  First,  the  mean  temperature  and  velocity 
fields  of  the  jet  flow  cause  the  radiated  sound  to  be  refracted  generally 
leading  to  a  dimunition  of  sound  pressure  levels  close  to  the  jet  exhaust 
axis,  expecially  at  high  frequencies.  Second,  as  recently  recognized,  the 
mean  flow  structure  around  the  radiating  eddies  provides  an  acoustic  impedance 
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environment  that  fundamentally  alters  the  radiation  efficiency  with  which  the 
eddies  radiate  from  what  it  would  be  if  the  eddies  radiated  into  a  stationary, 
homogeneous  medium  (as  assumed  by  bighthill) .  The  latter  aspect  is  a  feature 
that  lias  long  been  recognized  in  the  nonaeronautical  acoustic  disciplines, 
e.g.,  in  architectural  acoustics,  where  it  is  welL  known  Lhat  the  radiation 
efficiency  of  a  source  is  a  function  of  the  impedance  environment  that  it  is 
exposed  to.  The  acoustic-mean  flow  interaction  is  strongly  frequency  dependent. 

It  should  be  reiterated  that  the  developments  to  follow  in  this  report 
have  in  fact  retained  several  key  ideas  of  the  Lighthill  theory.  The  two 
most  important  of  these  ideas  are  (1)  the  idea  of  identifying  the  "residual" 
from  a  standard  wave  equation  as  the  source  term  for  jet  noise,  and  (2)  the 
recognition  of  the  convected,  compact,  quadrupole  nature  of  the  eddies.  A 
mixing  analysis  is  used  to  derive  the  evolution  of  the  mean  velocity  and 
temperature  of  the  jet  plume  downstream  of  the  nozzle  exit  plane.  The 
analysis  is  based  on  Reichardt's  inductive  theory  of  free  turbulence. 

Reichardt's  theory  is  undoubtedly  considered  simplistic  bv  many  workers  in 
the  turbulence  modeling  area,  but  because  the  governing  equations  in 
Reichardt's  theory  are  linear  (for  the  axial  momentum  and  enthalpy  fluxes), 
it  is  the  only  technique  that  allows  construction  of  ouite  complex  jet  flow 
fields  with  relatively  simple  mathematics.  This  capability  is  rather  impor¬ 
tant  since  it  is  necessary  to  have  a  capability  to  handle  flow  fields  from 
complex  nozzle  shapes  such  as  dual-flow  systems,  lobed  nozzles,  etc. 

Having  mapped  the  jet  plume  in  terms  of  the  mean  velocity  and  mean  tem¬ 
perature,  the  jet  is  broken  up  into  a  large  number  of  elemental  volumes. 
Similarity  arguments  essentially  derived  by  Davies  et  al^^)  are  next  used 
to  associate  a  quadrupole  strength,  quadrupole  convection  velocity,  quadru¬ 
pole  self-oscillation  frequency  ojq,  and  a  source  spectrum  (peaked  at  wq) 
with  each  volume.  As  an  example,  Davies,  et  al  show  by  measurement  that 
uq  is  proportional  to  dV/dr  for  round  jets  (where  r  is  a  radial  coordinate). 

The  local  mean  velocity  and  mean  temperature  profile  at  the  axial  station 
where  the  elemental  volume  is  located  are  used  in  the  acoustic  theory  [based 
on  Lilley's  equation  (12)]  to  obtain  the  far-field  SPL  spectrum  generated 
by  each  elemental  volume.  Summing  up  all  the  elemental  volume  contributions 
in  a  mean  square  sense  (i.e.,  treating  the  jet,  as  suggested  by  Lighthill,  as 
a  large  assemblage  of  uncorrelated  elemental  generators) ,  the  total  far-field 
SPL  spectrum  is  obtained.  Note  that  the  method  considers  analytically  all 
aspects  of  the  jet  noise  problem  known  to  be  important,  namely  evolution  of 
the  mean  properties  of  the  plume,  relevant  quadrupole  parameters  such  as 
convection  velocities,  source  frequencies,  etc.,  and  the  influence  of  the  jet 
flow  and  temperature  profiles  on  the  radiation  by  the  eddies.  Some  empirical 
constants  are  involved,  especially  in  the  mixing  analysis  and  relation  of 
quadrupole  parameters  to  the  mean  flow  properties,  but  the  end  result  is  a 
prediction  of  absolute  sound  pressure  levels  in  various  one-third-octave 
bands  at  any  angle  and  radius  in  the  far  field,  given  the  nozzle  exhaust 
geometry  and  distribution  of  temperature  and  velocity  at  the  nozzle  exit 
plane. 

Shock-associated  noise  arises  with  supercritical  operation  and  associated 
underexpansion  of  the  flow  (unless  carefully  contoured  nozzles  are  used  to 
avoid  underexpansion)  leading  to  shock  waves  in  the  flow  field  aft  of  the 
nozzle  plane.  Shock  screech  involves  a  feedback  mechanism  and  can  result  in 
pure  tones  of  very  high  inensity,  but,  fortunately,  a  very  high  degree  of 
nozzle  symmetry  and  upstream  smoothness  seems  necessary  to  produce  screech. 
Practical  jet  configurations,  especially  heated  engine  flows,  seem  to  be  free 
from  any  significant  screech  phenomena. 
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The  mechanism  bv  which  shocks  can  produce  broadband  noise  lias  been  known 
tor  several  years.  In  a  uniformly  flowing,  homogeneous  medium,  three  linear¬ 
ized  unsteady  modes  of  motion  can  be  identified,  namelv,  sound  waves,  shear 
waves,  and  entropy  waves.  To  first  order  of  smallness,  such  modes  propagate 
independently  of  each  other  but  if  the  flow  lias  very  steep  gradients  in  local¬ 
ized  areas,  even  to  first  order,  mode  scattering  or  mode  conversion  can  occur 
whereby,  for  example,  a  shear  wave  produces  sound  and  entropy  waves,  etc. 
Shocks  in  the  flow  obvious! v  create  such  local 'zed  steep  gradients  in  the 
flow,  and  since  turbulence  in  a  flow  can  be  thought  of  as  a  superposition  of 
shear  waves,  it  is  easy  to  see  that  there  is  a  situation  of  shear  wave  - 
shock  interaction  leading  to  sound  production. 

A  semiempi r ica 1  model  for  shock-associated  broadband  noise  based  on  shock 
turbulence  interaction  has  been  developed  by  Harper-Bourne  and  Fisher  for 
round  convergent  nozzles  and  has  been  found  to  be  extremely  useful  in  pre¬ 
dicting  this  component  of  jet  noise.  The  physical  picture  employed  by 
Harper-Bourne  and  Fisher  is  that  as  the  turbulent  eddies  convect  through  the 
shocks,  they  generate  broad  band  noise  at  each  encounter.  In  addition, 
however,  to  the  extent  that  the  eddy  is  coherent  between  two  encounters,  an 
"interference"  spectrum  also  will  be  produced.  The  adaptation  of  the  Harper- 
Bourne  and  Fisher  method  used  herein  considers  both  these  sources. 

The  prediction  procedure  outlined  previously  can  then  be  modified  to 
add  on  (in  a  mean  square  sense)  a  shock-noise  component  (as  discussed  above) 
to  the  previously  discussed  "turbulent  mixing"  noise.  Extensive  theory  and 
data  comparisons  for  conical  nozzles,  dual  flow  systems  of  both  the  conven¬ 
tional  type  and  the  inverted  flow  type,  and  multielement  nozzles  (and  for 
certain  cases  with  flight)  are  presented. 

Several  additional  analytical  items  not  directly  relevant  to  the  unified 
aeroacoustic  method  were  also  developed  during  this  program.  While  the  final 
method  used  treats  the  jet  flow  as  a  parallel,  axisymmetric  sheared  flow, 
several  approximations  of  the  jet  flow  as  a  plug  flow  were  also  developed  dur¬ 
ing  the  first  phase  of  the  study.  One  of  these  is  tailored  to  reveal  acoustic 
shielding  phenomena  in  a  noncircular  jet.  The  motivation  here  is  that  such 
noncircular  jets  are  known  to  display  the  phenomena  of  "quiet"  and  "noisy" 
planes.  Expressions  for  the  power  and  directivity  of  convecting  sources 
shielded  by  an  annular  plug  flow  jet  were  also  developed  to  provide  a  basis 
for  examining  the  test  results  of  Section  6.2.  A  plug  flow  model  relevant  to 
the  prediction  of  conventional  bypass  coaxial  jet  noise  was  also  developed. 

In  both  Sections  4.2.1  and  4.2.3,  theory  -  data  comparisons  are  presented. 

In  Section  4.8,  physical  shielding  theory  relevant  to  shielding  by  wing-like 
surfaces  and  by  semi-infinite  pipe  like  enclosures  (relevant  to  possible 
physical  shielding  benefits  of  ejectors)  is  developed. 

The  above  overview  has  attempted  to  give  a  perspective  of  how  the  basic 
ideas  of  jet  noise  have  evolved  since  Lighthill’s  work  and  how  the  proposed 
aeroacoustic  prediction  method  is  founded  on  the  latest  advances  in  jet  noise 
theory . 
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4.2  PLUG  FLOW  MODELS 


4.2.1  Low  Frequency  Model  for  Noncircular  Jets 

A  low  frequency  asymptotic  theory  for  the  shielding  of  noise  by  jets  of 
arbitrary  cross  section  is  discussed  in  this  section.  The  results  of  the 
theory  provide  an  explanation  for  the  appearance  of  the  quiet  and  noisy 
planes  of  a  slot  jet.  The  arguments  in  favor  of  this  explanation  are  derived 
from  a  model  problem  in  which  a  pulsating  mass  source  is  convecting  along  the 
axis  of  an  infinitely  long  column  of  fluid  of  arbitrary  cross  section.  The 
method  of  matched  asymptotic  expansions  is  applied  to  derive  expressions  for 
the  radiative  power  and  the  acoustic  pressure  of  the  source. 

The  solution  for  the  elliptic  jet  indicates  that  the  radiative  power  in 
the  horizontal  plane  (containing  the  major  axis)  is  less  than  that  for  the 
vertical  plane  (containing  the  minor  axis) .  This  difference  in  power  varies 
with  source  Strouhal  and  jet  Mach  numbers.  The  effects  of  jet  temperature 
are  also  included  in  the  analysis.  The  theoretical  results  for  the  sound 
pressure  level  are  in  reasonable  agreement  with  experimental  findings  for 
slot  nozzles.  The  theory  indicates  that  acoustic  shielding  offered  by  jets 
is  most  important  at  high  frequencies  and  at  high  Mach  numbers. 


4. 2.1.1  The  Radiated  Power 

4. 2. 1.1.1  Introduction 

The  work  of  Mani^17^  concentrates  on  shielding  offered  by  circular  jets. 
It  is  natural  to  extend  his  results  to  jets  of  arbitrary  cross  se.ction.  The 
purpose  of  this  section  is  to  show  how  such  extension  can  be  carried  out  at 
low  frequencies  and  to  assess  the  effect  of  noncircularity  on  acoustic 
shielding.  It  should  be  borne  in  mind,  however,  that  shielding  is  most 
effective  at  high  frequencies  so  that  a  low  frequency  theory  can,  at  most, 
indicate  trends  as  the  frequency  is  increased.  (By  comparing  the  present 
approximate  results  to  Mani’s  exact  results  for  a  circular  jet,  an  upper 
limit  for  the  validity  of  this  low  frequency  theory  can  be  established.  This 
upper  limit  is  reasonably  high  so  that  a  low  frequency  theory  can  provide 
useful  information  even  for  moderately  high  frequencies.) 

Considerable  experimental  evidence  (Olsen^^  indicates  that  the  noise 
characteristics  of  noncircular  jets  at  high  frequency  are  a  strong  function 
of  the  specific  plane  of  measurement.  Not  only  are  the  spatial  distributions 
of  the  pressure  level  different,  but  alsc  the  power  radiated  per  unit  polar 
angle  varies  with  the  angle  itself  (Figure  4-1). 
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Figure  l-l .  Idealized  Geometry  of  an  Arbitrary  Jet. 
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In  this  section,  it  is  shown  that  a  plausible  explanation  for  the 
appearance  of  the  quiet  and  noisy  planes  is  acoustic  shielding.  The  argu¬ 
ments  in  favor  of  this  explanation  are  drawn  from  the  results  of  a  model 
problem. 

The  formulation  of  the  problem  parallels  that  of  Mani^^  quite  closely. 
It  is  assumed  that  the  jet  velocity  profile  can  be  sufficiently  repre¬ 
sented  by  a  constant  velocity  profile  (i.e.,  by  a  plug  flow  jet).  Cer¬ 
tainly,  at  low  frequencies,  the  precise  form  of  the  radial  gradients  could  be 
handled  by  an  extension  of  this  asymptotic  theory.  The  basic  idea  is  to 
divide  the  flow  regime,  in  the  sense  of  matched  asymptotic  expansions,  into 
two  regions,  one  in  the  vicinity,  the  other  distant  from  the  jet.  In  the 
inner  region  the  axial  gradients  can  be  neglected  since  the  appropriate 
length  scale  is  the  diameter  of  the  jet.  On  the  other  hand,  the  pressure  in 
the  outer  region  obeys  the  classical  wave  equation  so  that  the  velocity  (or 
its  gradient)  does  not  enter  in  the  outer  solution.  The  basic  approach  used 
in  this  section  is  also  applicable  to  slow  axial  variations  in  the  mean  flow. 

4. 2. 1.1. 2  Formulation  of  the  Model  Problem 

It  is  assumed  that  the  acoustic  field  obeys  a  linear  wave  equation  of 
the  form 
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+  U 


) 2  $  -  c2  4> 
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c 2  &  $  =  D 


(13) 


where  $  is  the  velocity  potential,  D  is  the  disturbance  that  generates  the 
acoustic  field,  t  is  time,  x  is  an  axial  coordinate  along  which  the  fluid 
velocity  is  (U  +  $x)  where  U  =  const*.  The  undisturbed  speed  of  sound  is 
represented  by  the  constant  c  and  A  =  is  the  Laplacian  in  the  transverse 
coordinates.  Physically,  equation  (13)  represents  the  propagation  of  an 
acoustic  disturbance,  whose  fluid  velocity  is  (1>X,  V  4>)  in  a  uniform  stream 
of  speed  U. 


As  with  all  partial  differentia]  equations,  equation  (13)  is  solved  in 
a  specific  space  domain.  This  domain  is  illustrated  in  Figure  4-1  together 

with  the  appropriate  values  of  U,  c,  and  the  undisturbed  density  p.  Thus, 
for  r  <  r  j ,  U  =  U,  c  «  C2,  p  =  P2>  for  r  >  rj,  U  =  0,  c  =  c]_,  p  =  pj,  where 

r  =  r.(e)  0  <  0  <  2n  (u) 

is  the  equation  of  a  doubly  infinite  cylinder. 


*  ~ 

Note  that  U,  c,  ...,  etc.,  are  assumed  to  be  sectionally  constant. 
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Guided  by  the  desire  to  maintain  simplicity,  to  model  the  source  term 
D,  it  is  assumed  that 

-  i  t  * 

D  =  e  6(x  -  Ut)f(r,e)/a2  i  =  /^T  (15) 


where  is  a  given  constant  and  f(r,  0)  is  a  given  function  such  that  f  =  0 

for  r  >  r j .  Physically,  the  source  term  represented  by  equation  (15)  is  a 
harmonically  oscillating  disturbance  of  frequency  u>  ,  concentrated  at  a  point 
on  the  centerline  given  by  x  =  Ut.  In  other  words  the  source  is  convecting 
at  speed  U  in  the  positive  x  direction.  The  assumption  that  the  source 
convection  speed  is  the  same  as  the  jet  speed  is  made  for  simplicity  and  will 
be  relaxed  in  the  next  section. 

Across  the  jet-quiescent  region  interface,  the  continuity  of  the  pertur¬ 
bation  pressure,  p,  and  the  particle  displacement  are  required.  The  assump¬ 
tion  of  particle  displacement  continuity  implies  negligible  mixing  between 
the  jet  and  the  surrounding  medium.  The  expression  for  the  perturbation 
pressure  is  most  easily  derivable  from  the  linearized  x-momentum  equation, 
and  is  given  by 


p  =  -p(4>t  4  U<J>X) 


(16a) 


where  p  is  the  undisturbed  density  in  the  appropriate  region.  The  particle 
displacement ,  q,  obeys 
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(16b) 


where  34>/3n  is  the  velocity  normal  to  the  mean  location  of  the  jet-quiescent 
region  interface. 

The  undisturbed  static  pressure  is  also  continuous  across  the  jet  bound¬ 
ary.  This  implies  that  for  a  given  ambient  condition,  the  jet  density  or 
speed  of  sound  (i.e.,  temperature)  determines  uniquely  the  undisturbed  ther¬ 
modynamic  state  of  the  jet. 

The  governing  equation  is  hyperbolic,  and  it  requires  initial  conditions 
for  uniqueness.  These  can  easily  be  provided  (for  example,  $  =  34> / 3 1  =  0  at 
t  =  0) .  In  the  present  context,  however,  the  interest  is  in  the  long  time 
solution  and  the  initial  conditions  have  negligible  effect  on  this. 

With  the  above  preliminary  remarks  in  mind,  the  time  and  x  dependence 
in  equation  (13)  are  extracted  through  Fourier  transforms.  Define 


*  "a"  is  a  linear  dimension  characteristic  of  the  nozzle  size 
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and* 


_  1  (w  -  0)  )x/U 

t>*  =  <p*  e  0 


(17c) 


After  these  transforms,  the  resultant  equation  for  <?>*  is  given  in  the 
still-air  region  by 


A4*  +  k2(K*):  =  0 

and  in  the  .jet  region  by 


(18a) 


Ai*  +  k2(K*)2  4*  =  - - -  f(r,  d)/a2 

0  2  ( 2tt )2  c2  U 

Ai7  -  k  2  ( K~) 2  ^  ^ -  f(r,  0)/a2 

0  2  (2tt)  2  c2  U 


where  kQ  =  wc/c^. 

The  propagation  constants  K*,  K+  and  K2  are  given  by 


(K+)2  =  tc2  -  (kt  -  1)2/M2 


(18b) 


(18c) 


(19a) 


After  performing  the  Fourier  transform  in  time,  it  is  clear  that  the  x  depen¬ 
dence  of  the  solution  must  be  of  the  form  given  by  equation  (17c).  Note  that 
a  Fourier  transform  in  x  also  leads  to  (17c)  after  inversion. 
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(k^)2  =  r]2  p21  -  (<  -  i)2/m2 

(K2)2  =  (K  -  1)2/M2  -  r12  P21 


(19c) 


where  K  =  o,/^,  M  =  U/c1  <  1,  P?1  =  Pg/Pj,  and 


rl/r2  where 


r  -  (i  -  R/cp)_1 


(19d) 


The  gas  constant  is  denoted  by  R,  and  Cp  is  the  constant  pressure  specific 
heat.  An  additional  assumption  in  deriving  equations  (19b  and  c)  is  that 
the  gas  is  thermally  perfect  (but  not  calorically  perfect) . 

2 

The  case  (K^)  >  0  is  relevant  here  (otherwise  the  far-field  solution 

dies  off  exponentially  in  the  transverse  variable) ,  that  is,  1/(1  +  M)  £  <  £ 
1/(1  -  M)  .  When  (Kt)^  >_  0,  that  is  1/(1  +  M)  <_  k  <_  1  +  M  *'T^2P21  equation 
(18b)  holds;  otherwise  (18c)  holds. 

The  behavior  of  K^,  is  shown  in  Figures  4-2  and  4-3  for  parametric 
values  of  M.  In  these  figures,  it  is  assumed  that  fi2P21  = 

To  complete  the  present  framework  for  the  formulation  of  the  problem, 
the  t  and  x  dependence  of  the  matching  conditions  for  the  interface  are 
extracted.  In  the  still-air  region,  one  finds  that  the  transforms  of  equa¬ 
tions  (16a  and  b)  are 


p*  =  i  p^  u) 


(20a) 
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and  in  the  jet  region 


p*  =  i  p2  w0  9* 
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Thus  the  canonical  problem  to  be  solved  is 


A4>  ±  k2  K2  4>  =  f(r,  6)/a2 


(21a) 


with  boundary  conditions  across  the  jet  interface 
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where  stands  for  (lCj7,  (K^)^  or  (K^)^.  Note  that  4>  =  —  (2tt)^^c|  U4>* 
and  d>2  denotes  the  solution  in  the  jet  with  <j>^  in  the  ambient  medium. 


It  can  be  shown  that,  after  taking  the  convective  derivative,  (3/3t  +  U 
3/3x),  of  equations  (13)  and  (15),  the  following  equations  result: 


*  U  £>!  P  -  pxx 


-itij  t 

c|  Ap  »  1  P2  00o  e  0  6 ( x  -  Ut)f (r ,  e)/a2  (22a) 


and 


Ptt  -  C1  pxx  -  C1  &P  ■  0 


(22b) 


in  the  jet  and  quiescent  regions  respectively.  Therefore,  the  convective 
derivative  of  the  solution  to  equation  (21a)  provides  the  solution  of  equa¬ 
tion  (22).  The  left  side  of  equation  (22)  is  essentially  that  of  Lilley's 
equation  with  U  and  c  sectionally  constant.  Also  note  that  differentiating 
the  solution  of  equation  (22)  with  respect  to  x  once  (twice)  yields  the  solu¬ 
tion  for  a  generalized  axial  pressure  dipole  (quadrupole) .  Furthermore,  by 
specializing  f(r,  9)  to  suitable  singular  distributions,  the  solution  to  any 
point  dipole  or  quadrupole  field  can  be  readily  obtained.  As  an  example,  let 
f(r,  9)  =  6(r  -  r0)6(6  -  0Q)/r  where  rQ  and  80  are  parameters.  Differentiating 
this  solution  of  equation  (22)  with  respect  to  rc  and  0O  yields  the  solution 
for  an  (r  -  9)  quadrupole. 

The  above  remarks  imply  that  if  the  source  solution  (i.e.,  the  Green's 
function)  to  equation  (21a)  is  known,  the  solution  for  an  arbitrary  forcing 
function  f(r,  9)  can  be  written  down  by  superposition.  Since  the  jet  has  a 
completely  arbitrary  cross  section,  the  origin  of  the  coordinate  system  can 
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be  placed  at  the  source  location.  Thus  the  canonical  problem  can  be  replaced 
by 


A  <{>  ±  y  Ka  <|>  =  6  (r)  /r 


(23) 


without  any  loss  of  generality.  Boundary  conditions  [(21b)  and  (21c)]  are, 
of  course  retained. 


4. 2. 1.1. 3  Expansion  of  the  Inner  and  Outer  Solutions 

It  is  convenient  to  introduce  an  inner  variable  ?  =  r/a  and  rewrite 
equation  (23)  as 


3*4  1  3<J>  1  32(J) 

3F  r  3r  r7  30 2" 


K2  $  =  A<J>  +  e2 


(24) 


where  a  denotes  the  characteristic  size  of  the  jet  and  e  =  l^a.  It  is  de¬ 
sired  to  find  an  asymptotic  solution  of  (24)  as  e  -+  0.  For  the  time  being, 
it  is  assumed  that  is  about  unity,  and  it  is  later  shown  how  to  improve 
the  asymptotic  solution  where  is  considerably  larger. 


The  asymptotic  limit  c  0  clearly  corresponds  to  a  low  frequency  solu¬ 
tion  of  equation  (22). 


Consider  inner  gauge  functions 
the  inner  solution,  outside  the  jet. 


(e) 

as 


(e/2)^v  log’J(c/2)  and  expand 


<P 


(i) 


l 

v,  u 


6(i)(e)*(i) 
vy  '  vy 


v  =  0,  1, 

y  =  0,  1, 


v  +  1 


(25) 


The  form  of  the  inner  gage  functions  is  suggested  by  the  results  of  classical 
slender  body  theory  (Germain ( 20) ) .  The  supersonic  flow  over  a  slender  body 
is  formally  equivalent  to  the  low  frequency  theory  of  a  pulsating  body, 
[Miles^l),  Landau  and  Lifshitz(^2) ] #  Thus,  it  is  not  surprising  that  the 
same  gage  functions  arise  in  the  present  problem  that  did  in  classical  slen¬ 
der  body  theory.  After  substituting  equation  (25)  into  (24)  and  collecting 
like  gage  functions  of  e,  there  results 


1: 


zA  i) 

A*oo 

7.0) 

A$oi 


0  ("lowest"  order  solution) 
0 


(26a) 

(26b) 
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(26c) 


* 


(f)2  log2  (f): 

=  0 

(26c) 

(f)2  log  (f): 

+  4K2  *oi  *  =  0 

(26d) 

(|)2: 

^o’  +  4K’  »oo’  *  0 

etc. 

(26e) 

Thus,  the  sequence  of  inner  solutions  satisfies  Poisson's  (or  Laplace's) 
equation.  The  inhomogeneous  terms  are  either  given  or  are  known  from  the 
lower  order  solutions. 

Next  an  outer  variable  R  =  kQr  =  er  is  introduced,  along  with  a  sequence 
of  outer  gage  functions  6'°^(e)  (to  be  determined  by  matching  asymptotically 
the  outer  solution  to  the  inner  solution) .  Equation  (23)  can  then  be  re¬ 
written  as 


3*6 

3# 


+  I  li  + 

R  3R 


1  3 


+  K2$  -  = 


R  >  0 


(27) 


If  the  outer  solution  is  represented  by 

cf,(0)  =  l  6(0)(e)4>(0) 

V  L  MU  *  VU 


V,  u 


VM 


then  each  term  in  the  expansion  obeys 


□  <D(0)  =  0 

u  vy 


(28a) 


(28b) 


Clearly  the  sequence  of  outer  solutions  obeys  the  homogeneous  Helmholtz 
equation. 


4. 2. 1.1. 4  Inner  and  Outer  Solutions  and  Results  of  Asymptotic 
Ha  tching 

The  inner  and  outer  gage  functions  6^^  and  6^°^  are  regrouped  to  form 
a  three-term  asymptotic  sequence  to  the  required  order  of  accuracy.  Then  the 
first  three  terms  of  this  new  gage  sequence  are: 


ji 
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♦ 


61(e)  =  !.  log  (e/2),  log2  (e/2) 


(29a) 


Me)  =  (e/2)  ,  (e/2)  log  (e/2)  ,  (e/2)  log2  (c/2) 


63(e)  =  (e/2)2,  (e/2)2  log  (e/2),  (e/2) 


(e/2)  (29c) 


The  matching  is  done,  term  by  term,  for  the  coefficient  of  each  6n  (n  =  1,  2, 
3) .  Such  regrouping  is  absolutely  essential  for  the  success  of  the  asymptotic 
matching  principle  as  given  by  Van  Dyke(23)m  The  reasons  for  regrouping  are 
thoroughly  discussed  in  a  series  of  papers  by  Fraenkel( 24) .  The  point  here 
is  that  a  given  function  can  be  expanded  in  several  different  sequences  of 
gage  functions  5^)  and  6(°) .  Since  the  function  is  given,  there  can  be  no 
question  on  the  validity  of  any  of  these  expansions.  However,  not  all  of 
these  expansions  satisfy  the  asymptotic  matching  principle  of  Van  Dyke(23)# 

In  other  words,  it  is  possible  to  have  a  situation  in  which  the  expansion  is 
correct,  but  the  inner  and  outer  solutions  cannot  be  matched.  Such  is  the 
case  in  the  present  analysis  if  term  by  term  matching  is  required  for  the 
gage  sequences  6(*)  and  6 .  If  the  regrouping  is  done  according  to  equa¬ 
tion  (29),  however,  the  inner  and  outer  solutions  can  be  matched.  After  a 
step-by-step  application  of  the  asymptotic  matching  principle,  it  is  found 
that  in  the  inner  region  (but  outside  the  jet) : 


d>(i)  =  A(1) 
900  M0 


+  log  r  + 


l 

n  =  1 


rn(ci1} 


cos  ne  +  Dv  ;  sin  n0)  (30a) 


.0)  .  a<3> 

*12  0 


(30c) 


+  B^4)  log  r  +  £  r'n(C^4)  cos  n9  +  D^4)  sin  n0)  (30d) 


n  =  1 


-  2K2  r(c[2)  cos  6  +  oj1)  sin  0)  -  K2  r2  A^ 
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4>i q ^  =  Ag5^  +  Bg5^  log  r  +  l  P-n(C^5^  cos  n6  +  sin  n0) 

-  2Ka  r(log  K  +  y  ~  J  ~  cos  0  +  o|^  sin  6) 

-  K2  A(01}  r2  -  K2  Bg1  ^  r2 (log  r  -  1) 

-  2K2  r  log  r(C^  cos  e  +  o|^  sin  0) 

*K\l  2  T^TT^  C0S  n0  +  “n1’  5in  n6) 


where  Aq1"^  ,  Bq™  ,  Cnm  ,  Dnm  (m  =  1,  2,  ...  ,  n  =  1,  2,  ...)  are  constants, 
Y  =  0.57721  (Euler's  constant)  and  i  =  /~T.  It  is  observed  that  the  lowest 
order  solution  behaves  as  log  r  as  r  -►  ”,  and  that  both  and  are 

constants  (actually  the  latter  result  comes  from  matching  inner  and  outer 
solutions  to  all  orders) .  Thus  the  lowest  order  solution  is  a  "classical" 
solution  to  Laplace's  equation  in  the  sense  that  (9  / 3r)  vanishes  at 

inf inity . 

Similarly,  the  matched  outer  solution  is  given  by 


^  ^  [A01  +  A02^2  log^  +  A03^2]  H0 

+  (j)H^  ^  ( KR )  (A^  cos  0  +  B^  sin  6) 

+  (|)2  H^1)(KR)(A21  cos  20  +  B21  sin  20)  +  .... 

(31) 

where  Aqj^,  Aq2>  A03,  An,  633,  A21,  and  B21  are  constants  and  Hn^  (n  =  0, 

1,  2,...)  are  Hankel  functions.  The  outer  solution  coefficients  are  given  in 
terras  of  the  inner  solution  coefficients  by 
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vW 


A  = 

TT 

Bn> 

M01 

2i 

Bo 

(32a) 

A  - 

TT 

R(4) 

A02 

2i 

B0 

(32b) 

tt 

r(5) 

A03 

2i 

bo 

(32c) 

and 


A11 

=  iti 

kc<!> 

(33a) 

B11 

=  iri 

K 

(33b) 

A21 

=  7T 1 

K‘ 

(33c) 

B21 

=  -rri 

K2  dM 

(33d) 

Similarly,  the  inner  solution  constants  are  obtained  from 


(1) 

'0 

II 

o 
»— • 

[1  + 

21 

TT 

(log 

K 

+ 

Y )  1 

(2) 

=  11/ 

i 

l0 

TT 

'oi 

(3) 

-21, 

\ 

0 

TT 

u2 

(4) 

0 

=  A02 

[1  + 

2i 

TT 

(log 

K 

+ 

+  TA03 

(5) 

0 

=  A03 

[1  + 

2i 

TT 

(log 

K 

+ 

t)  ] 

(34a) 

(34b) 

(34c) 

(34d) 

(34e) 
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It  is  observed  that  the  outer  solution  is  matched  to  the  inner  solution 
outside  the  jet  (i.e. ,  both  of  these  regions  are  in  the  auiescent  region)  so 
that  in  this  section  K.2  is  to  be  replaced  by  (Kj)^  and  is  the  inner  solu¬ 

tion  outside  the  jet. 

The  above  results  are  obtained  by  a  systematic  application  of  the 
"strict"  rules  of  singular  perturbations.  In  this  particular  example,  it  is 
also  possible  to  circumvent  many  of  the  algebraic  steps  that  lead  to  the 
final  results,  by  observing  that  the  outer  solution  can  be  written  down  to 
any  order  of  accuracy.  Rewriting  this  solution  in  terms  of  the  inner  vari¬ 
able  and  expanding  in  terms  of  e,  there  results 

=  l  H^(KR)(|)  |Anl  cos  ne  +  Bnl  sin  n0  +  ...  j  (35a) 


=  Aq1  [1  +  ^  (log  r  +  log  K  +  y)] 

•  i  n  l  1  KnV'''!  (Anl  C0S  m)  +  B"1  Sin  n0) 

+  If1  Aoi  log  I  +  ••• 

=  +  lOgt;?)  + 


(35b) 

(35c) 


From  equation  (35),  it  is  possible  to  deduce  the  form  of  4>qq  and  the  rela¬ 
tionship  between  the  near-field  coefficients  Ag(l),  Bg(l) ,  Cn(3),  Dn(  '  and 
the  far-field  coefficients  Ag^,  An^,  and  Bnj.  This  relationship  is  given  by 
the  asymptotic  matching  principle  for  n  =  1,  2.  Furthermore,  it  also  appears 
that  !’g|'  =  constant,  and  that  Apj  and  Bn}  are  proportional  to  and  Dn^'  . 

It, us  part  of  the  nonsymii  “trie  outer  solution  is  matched  to  the  nonsymmetric 
part  of  the  lowest  order  inner  solution. 


4 . 2 . 1 . 1 . 5  Inner  and  Jet  Solutions  and  Results  of  Matching  Pressure 
and  Particle  Displacement  Across  Jet  Boundary 


The  sequence  of  inner  equations  (26)  for  the  velocity  potential  is  also 
satisfied  by  the  potential  inside  the  jet,  <J>^)  .  Thus  the  lowest  order  solu¬ 
tion  inside  the  jet  satisfies 


;,(J)  -  Mrl 

'v00  r 


(36a) 
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and  an  application  of  Gauss'  theorem  shows  that 


r  dr  d0 


2rj  - 


(j) 

00 


an 


ds 


a  a 


(36b) 


where  a  is  the  jet  cross  sectional  area,  la  denotes  the  jet  boundary  and  ds 
is  the  arc  length  along  the  boundary.  Similarly,  from  equation  (26a) 


dr  d0  =  0 


,A  i) 
^00 
an 


ds 


3a 


(36c) 


where  a  is  the  annular  area  between  the  jet  and  a  large  circle  of  radius  r. 
The  boundary  3a  consists  of  two  parts,  namely,  the  jet  boundary  and  the 
circle.  Combining  equations  (36b  and  36c)  and  matching  condition  (21c) 
yields 


2tr  < 


f 

J 

circle 


30 


(i) 

00 


3n 


ds 


(37) 


Finally,  the  contour  integral  in  equation  (37)  is  evaluated  explicitly  using 
equation  (30a).  The  result  is 


B 


(1) 

0 


=  < 


(38a) 


By  a  completely  analogous  argument,  it  is  found 


B$4)  ■  I  K  o  [<k;>!  °1Z!K2,!" 


b(5)  .  2 
u  u 

<‘I>*  j 

j  0^}  r  dr  d9  +  K ( ^2 ) 2  jj 

f  d?  de 

_ 

a  a 

(38b) 


(38c) 


Note  that  the  interface  matching  conditions  [equation  (21)]  were  applied  for 
each  coefficient  of  the  gage  functions.  In  particular,  <J>^p  =  constant  out¬ 
side  the  jet  implies  that  =  constant  inside  the  jet. 

The  remarkable  outcome  of  this  asymptotic  expansion  is  that  the  outer 
field,  to  the  required  order,  depends  only  on  the  lowest  order  inner  and  jet 
solutions.  Both  of  these  solutions  satisfy  Laplace's  equation. 
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4.2.1  .1  -f>  Calculation  of  the  Aeons t  i  r  Power  of  the  Source 

The  acoustic  power  of  the  source  is  calculated  by  integrating  the  product 
of  the  pressure  and  normal  component  of  the  velocity  over  a  large  cylinder 
enclosing  the  jet.  The  mathematical  technique  is  fully  described  by  Morse 

and  Ingard(25)# 

Expressing  the  velocity  potential  in  the  far  field  as 

=  i  (k0  Ki  rMAn  cos  no  +  B  sin  ne)  (39a) 

n 

a  comparison  of  equations  (39a)  and  (31)  shows  that 


> 

o 

II 

A01  +  A02  ^  2  ^ 2  log^  +  A03  ^  2  ^ 2 

(39b) 

A1 = 

(|)AH 

(39c) 

B1 = 

(|)Bn 

(39d) 

a2  = 

^ 1  A21 

(39e) 

B2  = 

B21 

( 39  f) 

where  coefficients  Bn  (n  =  0,  1,  2,  ...)  are,  in  general,  complex. 

The  expressions  for  the  perturbation  pressure  and  radial  component  of 
the  velocity  are  given  by  the  x-t  Fourier  inverse  of  equation  (39a), 


P  =  -°i  Tt 


i  Pj 


4  f  explKu  -  u>)x/U  -  iujtlu)  I  (A  cos  n6 

4tr-  U  j  0  n 

a). 


_ 29 _ 

1  +  M 


+  B  sin  rv3)cL> 
n 


(  H)a) 


4-1 


r 


U 


wo 

1  -  M 

.  1 1  \  • 

exp[i  (u>  -  wo)x/U  -  iu)t]K1  j  1  (Ap  cos  n0 


1  +  M 


+  B  sin  n9)du 
n 


(40b) 


and  the  radiative  power  of  tne  source  is 

2tt 


P  = 


P1 

4TT1*  U  Co  J 

r 


p  de 

o 


where 


0J, 


pe 


1  -  M 


-in 


dwjl  fe  (An  cos  no  +  Bn  sin  n0) 


1  +  M 


(41a) 


(41b) 


P  it  the  total  power  and  Pg  is  the  "power  in  a  plane*"  whose  c  entation  is 
determined  by  the  polar  angle  6.  Observe  that  the  integral  for  Pg  is  eval¬ 
uated  over  a  frequency  range  defined  by  the  Doppler  limits. 


Consider  now  a  very  brief  discussion  of  the  Kelvin-Helmholz  instability. 
This  classic  problem  has  been  examined  by  a  number  of  authors  including 
Miles^26)>  Batchelor  and  Gill^^),  and  more  recently  by  Jones  and  Morgan^B), 
The  conclusion  of  Jones  and  Morgan,  although  only  qualitatively  relevant  to 
the  present  problem,  is  that  the  long  time  solution  of  a  harmonically  pulsat¬ 
ing  source  (switched  on  at  t  =  0)  is  a  harmonically  varying  (in  time)  acoustic 
field  which  contains  an  additive  element  that  grows  exponentially  with  dis¬ 
tance  downstream  but  decays  exponentially  from  the  jet  interface.  In  fact, 
the  complete  solution  to  the  present  problem  can  be  written  in  the  form 
y  ~  i{>  +  where  $  is  obtained  from  the  above  analysis  and  is  the  unstable 
solution.  The  approach  at  this  point  is  to  ignore  the  unstable  contribution 
to  the  acoustic  field.  Of  course,  this  approach  cannot  be  justified  mathe¬ 
matically.  On  the  other  hand,  the  physical  justification  is  clear,  since 
the  actual  jet  is  reasonably  stable  with  a  bounded  acoustic  field.  It  should 
be  noted,  however,  that  there  are  Mach  number  limitations  on  this  physical 
justification  [Ffowcs-Williams(29)  ] . 


Pg  is  also  proportional  to  the  power  per  unit  polar  (or  azimuthal)  angle  0. 
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This  concludes  the  formal  analysis  of  this  section.  These  results  are 
now  applied  to  two  specific  jet  configurations. 


4 . 2 . 1 . 1 . 7  Circular  Jet  -  Radiation  from  Off  Axis  Sources 

Mani^^  has  examined  theoretically  the  radiation  from  sources  convect- 
ing  along  the  centerline  of  a  circular  jet.  The  present  asymptotic  theory 
is  used  to  extend  his  results  to  the  off-axis  case  in  the  low  frequency  limit. 


The  geometry  of  the  jet  is  shown  in  Figure  4-4 .  The  jet  boundary  is 
given  by  R  =  1,  and  the  source  is  located  at  R  =  Rq  <  1  and  0  =  0^. 

The  lowest  order  inner  and  jet  solutions  obey  Laplace'?  equation  [(26a 
and  (36a)]  .  These  solutions  arc  denoted  by  A)  and  respec¬ 
tively.  Thus  00 


d>^  =  An  +  Bn  loq  R  i  y  R’n  (C  cos  n0  +  D  sin  nO) 

00  -  n  =  i  n  n 

=  ct„  +  loq  r  +  7  Rn(a  cos  nO  +  P  sin  no) 

0  '  n  "  1  n 

where  Aq,  Bq,  «q,  Cn,  Dn,  «n  and  B  (n  =  1,  2,...)  are  constants, 
solution  may  be  rewritten  by  using  a  well-known  Fourier  expansion  of  log  r 
for  R  >  Rq 

.  .  <*>  .  R.  n 

=  m  +  loq  R  +  7  rrt(i  Rn  -  ~  (--)  cos  nOQ]cos  nG 

n  -  i 

CO  ,  R 

+  >  [6  Rn  -  J  (4)  sin  nOQ]sin  n© 

-  n  n  t\  u 

n  =  A  (42c) 


(42a) 

(42b) 

The  jet 


The  constants  Aq,  Bq,  ...,  etc.,  are  determined  by  matching  the  pressure 
and  particle  displacement  across  the  jet  boundary,  R  =  1.  The  results  of 
this  matching  are 


C 

n 


K 


Rq  cos  n©0 

i  ry:;77r 


wlie  re 


2  ^  B0  Sin  n-0 
n  n  1  +  Pj2  K" 

and  p^2  =  Pj/*-.*. 


n  =  1 ,  2 ,  . . . 

n  -  1 ,  2 ,  ... 


(43a) 

(43b) 

(43c) 
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coordinate  systems  (R,  0)  and  (r,  6)  are 


It  is  observed  that  as  r  ->  00 , 
related  by 


r  =  R [ 1  — ^  COS(0  -  0Q)  +  ...] 
Rn 

6=0  +  -^-  sin(0  -  Gq)  +  • . . 


(44a) 

(44b) 


and 

r 

R  =  r [1  -  cos ( 0  -  eQ)  +  ...] 

P 

0  =  0  +  ~  s i n ( 0  -  0Q)  +  • . . 


(44c) 

(44d) 


where  Tq  =  Rq  and  eQ  =  Oq  +  The  point  (tq,  0q)  denotes  the  coordinates 
of  the  jet  axis  relative  to  the  coordinate  system  attached  to  the  source. 
After  using  coordinate  transformation  (44)  in  equation  (42a),  it  is  found 
that,  as  r  ■+  <*>, 

r  r 

<t>^  =  A&  +  Bq  log  r  -  BQ(-^r  cos(e  -  0^)  +  ^-(-^)2  cos  2(9  -  9q)  +  ...] 


r  c>  w  p.  dim  v 

L1  r  U1  r 

(C2  ♦  C,  r0  cos  e0  -  D,  r0  sin  9„) 


+  ^  (»2  *  Ct  r0  sin  0Q  *  0,  r0  cos  vQ)  *  ...  (.5) 

Thus  the  far-field  coefficients  (32)  and  (33)  ire  given  by  euqations  (38)  and 
45)  as 


Aoi =  ir  - 

=  “i11  Kt(Ki)2  +  <2  p12^K2^2^ 

Aq3  =  ±^k(K^  rj  +  £  kKkJ)2  +  (K,)2] 

_  Hi.  K[1  +  (log  Kj  +  y )  ] 1( ) 2  +  <2  P12(K2^ 


(46a) 

(46b) 

(46c) 

/ 


(46d) 


where 


A11  =  771  K1  K  r0 


B11  =  771  K1  K  r'o 


a2i  =  Y  (K1)2  * 


B2i  -  f  (K+)*  < 


n  =  1  ±  pj2  k2 


cos  Gq( 2/ft+  -  1) 
s in  0o(2/n+  -  1) 
r2  cos  26q  n~/Q+ 
r2  sin  20q  fi"/Q+ 


(46e) 

(46f) 

(46g) 


Before  the  numerical  results  for  the  total  power  P  are  presented,  some 
possible  nonuniformities  in  the  asymptotic  expansion  are  oriefly  discussed. 

It  is  seen  from  Figure  4-2  that  K*  is  of  order  unity;  therefore,  the  har¬ 
monic  terms  A;q  ...  B21  exhibit  no  nonuniformities.  +0n  the  other  hand,  it 
is  seen  from  Figure  4-3  that  terms  proportional  to  K2  may  become  much  larger 
than  unity.  In  this  case  the  asymptotic  expansion  has  a  small  range  of  va¬ 
lidity  restricted  to  very  small  values  of  t.  To  extend  this  range,  observe 
that  the  nonuniformity  comes  from  the  axially-symmetric  terms.  An  examina¬ 
tion  of  the  structure  of  the  complete  axially-symmetric  solution,  reveals  that 
the  nonuniformity  arises  from  a  binomial  expansion.  To  elminate  this  diffi¬ 
culty,  the  constant  Aq  given  by  (39b)  is  replaced  by 


A) 


A1  = 

0 


01 


'01 


A  (-)2 
rt02  2 


log 


-A  f-)2 
rt03  2' 


(47) 


In  the  limit  as  £  +  0  equations  (47)  and  (39b)  are  clearly  equivalent.  How¬ 
ever,  for  finite  values  of  e,  (47)  has  a  much  wider  range  of  validity  than 
equation  (391)  in  this  particular  example. 

In  Figure  4-5,  a  comparison  between  the  exact  calculations  by  Mani  and 
the  results  of  the  present  asymptotic  theory  for  the  total  radiative  power 
(41a)  is  shown.  The  power  is  shown  to  be  a  function  of  the  convective  Mach 
number  and  the  source  Strouhal  number.  It  is  seen  that  the  agreement  between 
the  two  results  is  excellent  over  the  entire  Mach  number  range  (up  to  0.9) 
aad  a  wide  range  of  Strouhal  numbers. 

By  differentiating  the  expression  for  the  velocity  potential  (45)  with 
respect  to  the  source  coordinates,  it  is  a  simple  matter  to  derive  the  pres¬ 
sure  and  velocity  field  of  an  off  axis  quadrupole  shielded  by  a  circular  jet. 
For  example,  32<f>(l)/?ro  3  9q  is  the  velocity  potential  of  an  (r  -  0)  quadru¬ 
pole  whose  radiated  power  can  be  readily  obtained. 

A  complete  physical  interpretation  of  these  results  is  given  by  Mani^^  . 
To  reemphasize,  however,  the  above  calculations  show  the  frequency  dependence 
of  convective  amplification.  It  is  known  from  experiments  [Lush^O)]  that 
the  data  for  the  sound  pressure  level  as  a  function  of  directivity  angle  (at 
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T— 


(Radiated  Po\v*t  of  Shielded  Source)/ (Radiated  Power  of  Unshielded  Source)] 


Convective  Amplification  as  Function  of  M  and  St 


constant  source  frequency)  is  under  estimated  at  low  frequencies  by  the  Lighthill 
theory.  Also,  the  Lighthill  theory  over  estimates  the  sound  pressure  level  at 
high  frequencies.  This  is  interpreted  to  mean  that  convective  amplification  is 
frequency  dependent.  Furthermore,  the  results  in  Figure  4-5  show  such  dependence 
for  the  total  power.  Of  course,  the  connection  between  the  results  of  Lush  and 
that  in  Figure  4-5  is  qualitative  in  nature;  this  will  be  further  discussed  in 
Section  4. 2. 1.2. 

An  extremely  important  point  is  that  acoustic  shielding  is^  confined  to 
the  refractive  zone  of  silence,  but  shielding  is  more  than  refraction  since 
it  affects  the  radiated  power.  In  other  words,  measurements  outside  of  the 
zone  of  silence  would  show  negligible  shielding.  Such  measurements  are  in¬ 
sufficient,  however,  for  the  computation  of  total  power.  Thus,  to  look  at 
the  effects  of  fluid  shrouding  or  shielding,  the  sound  pressure  level  must 
be  obtained  in  the  zone  of  silence. 


4. 2. 1.1. 8  Elliptic  Jet  -  Radiation  from  Axial  Source 

Consider  an  elliptic  jet  whose  semi-axes  are  given  by  a,  8  >_  0  where 
a  >_  8.  The  source  is  located  at  the  center  of  the  ellipse.  Introduce 
elliptic  coordinates  (p,  v)  (0  _<  p  <  °°,  0  <_  v  <  2tt)  by  the  transformation 


r  =  2  /cosh'  p  -  sin-  v 


0  <  r 


(48a) 


e  =  tan_1(tanh  p  tan  v) 


0  <  0  <  2tt 


(48b) 


where  a  =  2va^  -  B2  is  the  focal  length  and  (r,  6)  is  a  polar  coordinate 
system  (Figure  4-6).  The  equation  of  the  ellipse  is  given  by 

u  =  =  log  [(a  +  B)/*V  -  B2]. 


The  lowest  order  inner  and  jet  solutions  obey  Laplace's  equation  (26a) 
and  (36a).  These  solutions  are  denoted  by  and  <j>  (  =  w  re_ 
spectively.  Thus 

<j>^  =  Aq  +  Bq  U  +  I  Cn  e  np  cos  nv  (49a) 


n  =  1 


<J>^  =  an  +  (y  +  log  I-)  -  2  l  ^  e'ny  cos  nv  cos 

U  ^  n  =  1  n  d 


+  l  a  sinh  np  cos  nv 


n  =  1 


(49b) 


* 


Figure  '1-6.  Geometry  of  Elliptic  Jet. 
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where  Aq,  Bq,  cig,  Cn,  an  (n  =1,  2,  .  ..)  are  constants,  again  to  be  deter¬ 
mined  by  matching  pressure  and  particle  displacement  across  the  jet  boundary. 
Observe  that  the  terms  in  equation  (49b)  that  do  not  involve  any  of  these 
unkown  constants  represent  log  r  in  elliptic  coordinates. 

The  matching  across  the  jet  boundary  yields 


Bq  =  K 


C  =  -  -  tc 

n  n 


cos  y~ 

—  _  -2nu1 

fl  -  fl  e 


n  =  1 ,  2,  ... 


(50a) 


(50b) 


and 


Oij  =  0 


? _ e'4ul 


n*  /4ul 

- e 


(i 


(50c) 

(50d) 


where,  as  before,  K  x'o ’  P12  ^1^2  anu  ^ 


=  1  ±  P12  K2, 


The  transformation  to  elliptic  coordinates  (48)  simplifies  to 

4r  ,d\2  cos  20  x 
u  =  log  —  -  (j)  -p—  +  •  •  • 


v  =  0 


+  (f)*ii!L*U  ... 


as  r  +  “  and,  in  the  same  limit,  it  is  found  that 

n  +  2 

'df)2  cos  ne  +  n(^ 


e"nu  ccs  nv  =  (A-)2  cos  ne  +  n(4:) 


cos(n  +  2)9  + 


(51a) 

(51b) 


n  *  1,  2,  ... 


(51c) 


Using  equation  (51)  in  (49b)  and  the  general  results  of  the  asymptotic  theory, 
it  is  found  that  the  far-field  coefficients  are  given  by 


A 


01 


(52a) 
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where 


Aq2  =  -iTr  a  6  <[(K*)2  +  p12  k2(K2)2] 

A03  =  ‘i[(Kl)2  ti  +  k0<2)2  V 

tj  =  tt  a  6  K^og  -  I  f  -  ^ L  f!  +  T  {log  K1  +  ^)] 


(52b) 

(52c) 


-  (1  -  8/a) 


-  (^4-f)2  n'J 

a  +  6 


(52d) 


and 


t2  -  tt  a  6<p12  k2  log  “-p-  If 


-  Y  K2  p12 [ 1  +  Ip  (log  +  y) ] 


1  (1  _  &  (L. 

2  U  a'  _+ 


a  -  8  ''l 

o- 

a  +  A  ( 

+ 

) 

-  c ; s-)2 
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Bll  =  ° 


A21  =  T  (K1)2  K(a2  ■  62)  ~ 


i  +  (2^4)2 

'a  +  6' 


fi  i a  ~  8%  2 

n-  a  +  6 


(  52  f ) 
(52g) 


B 


21 


=  0 


(52h) 


The  asymptotic  expansion  appears  to  be  uniformly  valid  for  all  values  of 
B  £  a.  Thus,  this  low  frequency  theory  is  not  restricted  to  configurations 
with  "low  departure  from  axial  symmetry." 
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The  power,  Pg,  (Alb)  in  a  plane  inclined  at  an  angle  0  relative  to  the 
major  axis  is  calculated  as  a  function  of  0  for  parametric  values  of  c  =  k^a 
(a  =  1)  and  6.  The  results  are  shown  in  Figures  4-7  and  4-8  for  two  differ¬ 
ent  source  Mach  numbers.  At  given  values  of  0,  8,  and  M,  e.g.,  0=0°, 

8  =  0.5  and  M  =  0.7,  the  source  radiative  power  decreases  with  increasing 
source  frequency.  The  power  of  a  given  geometry  at  a  fixed  value  of  0  and 
for  moderate  values  of  e  decreases  with  increasing  Mach  number.  These  obser¬ 
vations  are  consistent  with  the  results  in  Figure  4-5  for  a  circular  jet. 

The  difference  in  acoustic  power  between  the  quiet  plane  (0  =  0)  and 
the  noisy  plane  (0  =  90°)  increases  with  the  source  Strouhal  and  Mach  numbers. 
According  to  these  calculations,  the  difference  in  power  between  the  two 
planes  is  completely  negligible  at  low  frequencies  and  is  on  the  order  of  a 
few  dB  at  higher  frequencies. 

The  total  radiative  power  of  the  source  (41a)  varies  inversely  with  the 
jet  cross-sectional  area  at  given  Strouhal  and  Mach  numbers.  This  observa¬ 
tion  is  easily  deducible  from  the  results  of  Figures  4-6  and  4-7  and  agrees 
with  the  fluid  shielding  hypothesis  of  Mani.  In  simple  terms,  the  radiative 
efficiency  of  the  source  varies  inversely  with  the  amount  of  moving  fluid 
surrounding  it. 


4.2.1. 2  The  Directivity  of  Sound 
4.2.1. 2.1  Introduction 


In  Section  4. 2. 1.1,  the  results  for  the  radiative  power  of  a  source 
surrounded  by  an  arbitrary  jet  were  derived.  These  results  showed  that 
acoustic  shielding  had  a  significant  effect  on  the  power;  the  purpose  of  this 
section  is  to  investigate  the  effects  of  shielding  on  the  directivity  of 
the  sound. 

The  present  analysis  is  similar  to  the  one  presented  for  the  power, 
therefore,  only  the  basic  framework  without  details  will  be  developed.  A 
comparison  between  theory  and  data  will  be  presented  also. 


4. 2. 1.2. 2  Formulation  of  the  Problem 

It  is  again  assumed  that  the  acoustic  field  is  generated  by  a  moving 
point  source  translating  with  velocity  Uc  along  the  axis  of  a  slug  flow  jet 
of  arbitrary  cross  section  (Figure  4-1).  The  source  is  pulsating  with  radian 
frequency  ioQ  in  its  own  reference  frame.  The  velocity  potential,  4>,  of  the 
acoustic  field  obeys 

<Jt  *U  fc’"  *  ■  ^xx  ■  A4, 

(53) 

=  exp  ( -  i  w  t )  6(x  -  U  c  t )  5 ( y )  <5  ( - ) 
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oretical  Power  Calculations  for  Figure  4-8.  Theoretical  Power  Calrulatio; 

iptic  Jet  [M  =  0.7,  =  1.0,  Elliptic  Jet  [M  =  0.9,  c1/c2 


where,  as  before,  U  and  c  are  sectionally  constant  representing  the  mean  jet 
velocity  and  acoustic  speed.  Note  that  here  the  convection  speed  Uc  need 
not  be  the  same  as  the  jet  velocity  U.  Also,  A  denotes  the  Laplacian  in  the 
transverse  variables. 


It  turns  out  that  the  most  convenient  representation  for  the  directivity 
if  obtained  by  taking  Fourier  transforms  with  respect  to  x,  rather  than  t  as 
in  the  previous  section.  Thus  define 


(54a) 


(54b) 


where  s  is  the  transform  variable.  After  applying  the  above  transformation 
(54a)  to  (53)  and  introducing  a  new  dependent  variable, 

c2  $  exp  |it(ioQ  +  Ucs)  ]  (55) 

it  is  found  that  the  velocity  potential  <j>  obeys,  in  the  jet  and  quiescent 
regions,  respectively. 


Jet :  A 

0  +  k2K2  <fi  =  6(r)/r 

Ambient:  A 

<p  +  kzK2  <p  =0 

n  1 

where 

K22  =  (Cj 

/ c 2 ) 2  11  *(MC  -  M)o]2  -  a2 

and 

K 1 2  =  (1 

+  M  a)  2  -  a2 
c 

Here 

ko  =  %/cl’  ? 

dc  =  Uc/c1,  M  =  U/Cj  and  0 

(56a) 

(56b) 

(56c) 

(56d) 


Thus,  the  convective  Mach  number  and  the  jet  acoustic  speed  are  denoted  by 
Mc  and  M  respectively.  The  Fourier  transform  variable,  s  =  k0a ,  can  be  in¬ 
terpreted  as  an  axial  wave  number. 


Without  going  into  details,  it  may  be  shown  by  applying  Fourier  trans¬ 
formation  (54a)  to  the  matching  of  the  pressure  and  particle  displacement 
(16)  across  the  jet  interface,  that 
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(57a) 


7n  ’  .  ’  ^  -  n1  , 

1  -  J 


on  r  =  r . 

1 


(57b) 


This  time  the  meaning  of  ►.  is  slightly  different,  namely 

1  +  M  .  j 

<  =  r-+-fST  -  M)  n 
c 


(57c) 


•'21  =  f^^l  anc*  ' 0  denotes  the  solution  in  the  jet  while  ^  in  the  ambient 
medium.  Of  course,  3 / an  stands  for  differentiation  in  the  normal  direction 
to  the  jet-ambient  region  interface. 


4. 2. 1.2.  3  A  Solution  of  t_ho_  Problem 

Again  the  problem  to  be  solved  is  Helmholt z '  s  equation  (56)  with  suitable 
matching  conditions  across  the  jot  boundary  (57).  In  fact  equations  (56) 
and  (57)  are  exact Iv  the  same  as  (23)  and  (21)  so  that  the  low  frequency  solu¬ 
tion  of  Section  4.2.1. 1  is  directly  usable  for  the  directivity  provided  that 
the  following  change  of  variables  occurs: 


Correspondence  Princ iple 
Power  - ►Directivity 


(K,  )' 


(K  ,’)• 


1 

K  / 


Thus  the  details  of  the  asymptotic  expansion  will  not  be  reproduced  in  this 
sec  t i on  . 


4. 2. 1.2. 4  Calculation  of  the  Directivity  of  the  Source 

While  the  details  ot  the  asymptotic  matching  are  identical  tor 
ai.d  d  i  rot  t  ivitv  calculations,  the  calculation  for  the  acoustic  ,  r< 
cecils  somewhat  differently.  The  objective  now  is  to  obtain  t;  ,  -  i 

rcscnt.it  ion  for  the  pressure.  r>H 
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In  the  outer  field,  from  equation  (39a),  the  velocity  potential  is 
expressible  as 

00 

(Ancosn6  +  Bnsinne)  H^Ck^r)  (58> 

n=0 


where  the  A^s  and  Bn's  are  defined  by  equation  (39).  The  pressure  in  the 
acoustic  far  field  is  simply  proportional  to  the  time  derivative  of  the 
velocity  potential  so  that  using  equation  (55)  the  following  expression 
results : 


r.*< 

4ir2c02  J 


ds  e 


+  u^s) 


(“o  *ucs> 


00 

E 

n=0 


.U) 


(Ancosn6  +  Bnsinne)  J  (k0K^r) 


(59) 


For  the  calculation  of  power,  an  integral  of  the  type  in  equation  (59) 
was  evaluated  numerically;  for  the  directivity,  this  integral  may  be  eval¬ 
uated  by  the  method  of  stationary  phase.  The  entire  procedure  is  given  by 
Carrier,  Krook,  and  Pearson^3-*-' ,  with  the  final  result: 

-ioj  (t  -  R/c-,) 

P1o)Q  e  o'-  ' 

p  =  -  - - 

2ir2C2  R(1  -  Mccos0)2 

00 

X  Y  (Ancosn8  +Bnsinne)|  (60a) 

JTTn  0  =  0* 


where  a*  is  the  point  of  stationary  phase  given  by 


cosQ _ 

a*  ~  I  -  M  cos0 
c 


(60b) 


Very  loosely  speaking,  R  is  the  distance  from  the  jet  and  0  is  the  angle 
with  respect  to  the  jet  axis.  The  final  expression  for  the  pressure  is  valid 
as  R  +  ». 

One  can  make  a  number  of  observations  with  respect  to  equation  (60a) . 
First,  the  acoustic  pressure  decays  as  R-*  in  the  far  field;  the  phase  dif¬ 
ference  between  the  source  and  the  observed  signal  is  simply  the  travel  time 
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R/c^,  and  a  convecting  mass  source  has  an  explicit  convective  amplification 
factor  of  (1  -  McCos  0)-2.  Additional  (implicit)  convective  amplification 
is  present  in  coefficients  An  and  Bn  because  of  fluid  shielding. 


4. 2.1. 2.5  Directivity  of  a  Slot  Jet 

First  it  should  be  emphasized  that  the  directivity  of  a  slot  jet  in¬ 
volves  two  angles;  one  is  the  familiar  angle  to  the  jet  axis  0,  the  other  is 
the  azimuthal  angle  0.  To  obtain  the  pressure  field  of  a  convecting  source 
in  an  elliptic  or  slot  jet,  expressions  (56)  are  used  in  the  definitions  of 
A„  and  Bn  along  with  the  correspondence  principle. of 

A  major  difference  between  quadrupole  and  simple  point  sources  is  that 
quadrupoles  have  a  higher  explicit  convective  amplification  factor.  In  the 
following  discussion,  the  ratio  (or  the  difference  on  a  logarithmic  scale) 
of  the  far-field  pressures  at  two  different  values  of  azimuthal  angles  (0) 
is  shown  as  a  function  of  the  angle  to  the  jet  axis  (0).  The  effect  of  the 
explicit  convective  amplification  cancels  by  taking  this  ratio  so  that  it 
does  not  matter  whether  the  pressure  for  sources  or  quadrupoles  are  used  in 
the  theory  data  comparisons.  It  is  possible  that  quadrupoles  themselves 
have  an  intrinsic  azimuthal  directivity;  this  is  the  case  for  an  isolated 
quadrupole  but  is  not  likely  the  case  for  an  "equivalent"  quadrupole  that 
represents  the  noise  of  an  elliptic  or  slot  jet. 

The  experimental  data  of  Olsen,  et  al.  (^)  for  the  sound  pressure  level 
(SPL)  of  slot  jets  were  reduced  at  constant  source  Strouhal  number;  the 
length  scale  used  in  the  definition  of  the  Strouhal  number  is  the  major 
diameter  of  the  jet.  The  observed  frequency  is  denoted  by  f.  In  Figure  4-9, 
the  difference  in  sound  pressure  levels*  between  the  noisy  (vertical)  and 
quiet  (horizontal)  planes  is  shown  as  a  function  of  angle  to  jet  axis  at 
three  values  of  source  Strouhal  number.  The  largest  difference  occurs  at 
0  =  30°  to  50°;  this  difference  increases  with  frequency  and  is  completely 
negligible  at  90°  to  the  jet  axis. 

The  trend  with  velocity  is  shown  in  Figure  4-10.  The  maximum  ASPL  in¬ 
creases  with  jet  velocity;  however,  at  the  lower  jet  velocity  there  is  some 
disagreement  between  theory  and  experiment,  at  least  with  respect  to  the 
absolute  levels.  However,  the  insensitivity  of  the  noise  difference  as  a 
function  of  the  angle  to  jet  axis  is  reproduced  well. 

The  effect  of  jet  temperature  at  constant  source  Strouhal  number  and 
jet  velocity  is  shown  in  Figure  4-11.  The  maximum  value  of  ASPL  increases 
with  jet  temperature,  consistent  with  Mani's  findings  on  acoustic  shielding 
of  round  jets. 

Two  remarks  are  in  order  to  explain  why  the  agreement  between  theory 
and  experiment  cannot  be  more  than  qualitative.  First,  the  data  show  con¬ 
siderable  scatter;  obviously  this  is  because  the  differences  in  noise  (on 


*For  the  theoretical  calculations,  the  sound  pressure  is  defined  as 
10  log10|pj2  where  p  is  given  by  equation  (60a) 


ASPL.  dB 


the  order  of  2  to  4  dB)  are  comparable  to  the  errors  in  the  measurement  (prob¬ 
ably  on  the  order  of  1  dB) .  Second,  the  analysis  is  only  approximate. 


4. 2. 1.2. 6  Conclusions 

It  is  shown  that,  in  the  low  frequency  limit,  the  inner  and  outer  solu¬ 
tions  obey  the  Poisson  and  Helmholtz  equations,  respectively.  The  appropri¬ 
ate  inner  length  scale  is  the  jet  diameter  and  the  outer  length  scale  is  the 
wavelength.  The  outer  solution,  to  order  (e/2) ^  where  e  *  wQa/ci,  depends  only 
on  the  lowest  order  inner  and  jet  solutions.  The  error  in  the  outer  field 
is  of  order  (e3loge). 

The  asymptotic  results  for  the  circular  jet  indicte  that  the  present 
theory  is  accurate  to  values  of  e  up  to  0.7  or  0.8.  The  nonuniformity  of 
the  expansion  associated  with  the  limit  M  -*■  1  (e  fixed)  can  be  eliminated, 
for  the  most  part,  by  expressing  the  coefficient  of  the  axially  symmetric 
part  of  the  far  field  as  a  fraction.  As  t  +  0,  the  power  of  the  jet  becomes 
independent  of  jet  shape.  This  conclusion  appears  plausible  since  in  this 
limit  all  jets  appear  in  the  far  field  as  "thin  line."  The  results  for  the 
elliptic  jet  offer  one  qualitative  explanation  for  the  presence  and  location 
of  certain  experimentally  observed  quiet  planes.  This  explanation  is  purely 
acoustic  and  centers  around  the  shrouding  effect  of  the  mean  flow. 


4.2.2  Co nvecting  Sources  in  an  Annular  Jet 

The  radiation  from  a  convecting  monopole  source  shielded  by  an  annular, 
doubly  infinite  jet  of  fluid  is  calculated  in  this  section.  The  jet  velocity 
is  idealized  by  a  constant  profile  (i.e.,  slug  flow)  and  the  source  is  of  a 
single  frequency  in  its  own  moving  frame.  The  results  of  this  model  problem 
are  used  to  throw  some  light  on  the  jet  shielding  hypothesis  for  multitube 
suppressors  and  to  rationalize  one  empirical  expression  for  the  effective 
number  of  radiating  tubes.  The  theoretical  predictions  for  the  pressure  are 
compared  to  experimental  data  under  Acoustic  Shielding  Experiments  (Section 
6.0). 


4. 2. 2.1  The  Radiated  Power 


4. 2. 2. 1.1  Introduction 


A  typical  suppressor  nozzle  of  the  multitube  type  is  shown  in  Figure 
4-12.  This  suppressor  is  generally  an  array  of  "small"  jets  of  diameter  d 
separated  by  a  distance  L.  This  array  is  usually  two-dimensional;  the  basic 
idea  is  to  divide  the  exhaust  of  an  engine  into  a  number  of  smaller  jets. 
Near  the  exit  plane  of  these  jets  (assume  coplanar  exits),  where  the  high 
frequency  noise  is  generated,  the  aerodynamic  interaction  between  adjacent 
jets  is  small  if  L/d  >>  1.  Thus,  the  high  frequency  power  radiated  by  the 
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suppressor  should  be  given  by  the  product  of  the  power  of  a  single  jet  and 
the  number  of  jets.  It  is  found  experimentally  that  the  actual  radiated 
power  is  considerably  smaller  than  this  product  (Gray,  et  al)(^2)# 

The  physical  model  used  here  separates  the  array  of  jets  into  two 
classes:  (1)  the  outer  row  (usually  a  circular  row)  of  jets  and  (2)  the 

inner  jets.  In  the  mathematical  model,  the  outer  row  of  jets  is  represented 
by  an  annular  jet  with  a  slug  velocity  and  temperature  profile  (Figure  4-12). 
The  inner  jets  are  represented  by  convecting  sources;  these  sources  are  simple 
mass  sources.  Generalization  to  higher  order  sources  can  be  made.  It  is 
known  that  the  "source"  of  jet  noise  is  of  the  quadrupole  type  -  the  choice 
of  a  mass  source  is  motivated  by  simplicity,  with  the  expectation  that  the 
results  of  this  theory  will  provide  the  qualitative  features  of  the  actual 
acoustic  field. 

The  purpose  is  to  derive  the  expression  for  the  far-field  radiated 
power  of  a  convecting  source  surrounded  by  an  annular  jet  and  to  show  the 
dependence  of  this  power  on  various  parameters.  Finally,  a  comparison  is 
made  between  theoretical  and  experimental  results.  This  comparison  shows 
that  the  high  frequency  power  reduction  in  multitube  suppressors  can  be 
explained  by  acoustic  -  mean  flow  interaction. 


4. 2. 2. 1.2  Formulation  of  the  Problem 
It  is  assumed  that  the  acoustic  field  obeys  the  linear  wave  equation 

(Tt  *u  lx0'  «  ‘  c'  *xx  '  c’  41  '  0  (61) 

where  is  the  perturbation  velocity  potential,  V  is  the  disturbance  that 
generates  the  acoustic  field, _t  is  time,  and  x  is  an  axial  coordinate  along 
which  the  fluid  velocity  is  (U  +  <f>x) . 

The  undisturbed  speed  of  sound  and  the  undisturbed  fluid  velocity  in 
the  x  direction  are  given  by  c  and  U  respectively.  The  geometry  of  the 
problem  and  the  variation  of  0  and  c  with  respect  to  the  transverse  variable 
(y  in  the  planar  case  or  r  in  the  axially  symmetric  case)  are  shown  in 
Figure  4-12.  The  operator  A  represents  the  Laplacian  in  the  transverse 
variable. 

There  remains  to  model  the  source  term  V.  Here  guidance  is  provided  by 
the  simplicity  and  the  success  of  the  approach  of  Mani^^^,  who  assumed  that 

-iu  t 

V  =  e  0  6  (x  -  Ut)  6  (P)  i  =  /T  (62) 

where  w0  is  a  given  constant  and  6  (P)  is  a  symbolic  representation  of  the 
6-distribution  whose  support  is  the  point  P.  It  is  also  assumed  that  the 
source  is  in  region  (l)  or  ©  • 


The  solution  to  equation  (61)  represents  the  acoustic  field  of  a  con- 
vecting  point  mass  source  whose  strength  oscillates  at  frequency  o>0  in  the 
reference  frame  that  moves  with  the  source.  The  source  is  surrounded  by  an 
idealized  jet  system  whose  velocity  and  temperature  (essentially  C2)  are 
represented  by  constant  (i.e.,  slug)  profiles.  The  assumption  that  the  source 
convection  speed  is  the  same  as  the  jet  speed  is  made  for  simplicity  (i.e., 

Uc  ■  U).  This  restriction  will  be  relaxed  later.  The  primary  interest  is  in 
the  power  radiated  in  the  far  field,  the  dependence  of  this  power  on  the  jet 
velocity  and  thickness  and  on  the  location  of  the  source. 

Across  the  jet-quiescent  region  interfaces  the  continuity  of  the  pertur¬ 
bation  pressure,  p,  and  the  particle  displacement  n  are  required.  The  ex¬ 
pression  for  the  perturbation  pressure  is  easily  derivable  from  the  x-momentum 
equation,  and  is  given  by 


p  =  -P  (  <)>t  +  u  $x) 


(63) 


where  is  the  undisturbed  density.  Under  the  additional  assumption  that 
the  undisturbed  static  pressure  is  also  continuous  across  the  interface,  p 
and  c  cannot  be  specified  independently. 


The  particle  displacement  n  is  related  to  the  transverse  velocity  com¬ 
ponent  through  the  equation 
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♦  U 
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or 


3  <J> 
3r 


(64) 


The  interface  conditions  (63)  and  (64)  are  satisfied  on  the  surfaces 
y  *  ±a,  y  *  ±b  (or  r  »  a,  r  =  b) ,  that  is,  on  the  mean  location  of  the  inter¬ 
face,  consistent  with  the  linearization  assumption  already  invoked  in  imply¬ 
ing  that  equation  (61)  holds.  Equation  (64)  implies  that  there  is  negligible 
mixing  between  the  jet  and  the  surrounding  medium,  that  is,  the  interface 
consists  of  particles  of  fixed  identity. 


The  governing  equation  (61)  is  hyperbolic  and  it  requires  initial  con¬ 
ditions  for  uniqueness.  These  can  readily  be  provided  (for  example, 

<f>  -  3<)>/8t  -  0  at  t  ■  0) .  In  the  present  context,  however,  the  interest  is  in 
the  long  time  solution  as  t  ■*  ».  That  is,  the  "periodic"  solution  that  re¬ 
sults  after  all  the  transients  associated  with  the  starting  of  the  source  (at 
t  ■  0)  have  become  negligibly  small  is  desired.  The  time  dependence  in 
equation  (61)  is  extracted  through  Fourier  transforms,  as  follows: 


Defining 


and 


(J>*  =  <J>*  c 


0 


(65c) 


so  thac  <j>*  =  (j>*  (y  or  r;  w) .  The  form  of  the  x-dependence  in  (65c)  can  be 
obtained  by  a  Fourier  transform  in  x  or  by  observing  that  (65c)  is  consistent 
with  the  time  transform  of  equation  (61)  and  all  boundary  conditions.  The 
resultant  equation  for  4>*  is  given  in  the  still-air  region  (U  =  0)  by 


4  k2  (K*  )2  = 


5(P) 

c^/Trf  U 


(66a) 


and  in  the  jet  region  (U  =  U)  by 


A  <f*  +  k^K*)’  =  0 

or 

AF  -  k2(Kp2  =  0 


(66b) 


(66c) 


where  kQ  *  w0/cl- 

The  propagation  constants  K+,  and  K~  are  given  by 


(K+)2  =  [K2  -  '<  -  1 )2/M2 3 

(67a) 

(K2)Z  =  r 12  P21  '  {<  '  1)2/M2 

(67b) 

(k‘)2  =  (<  -  l )2/M2  -  r12  p21 

(67c) 

q>  ^  ~  ^  ^  ^  *  P 2 2  —  ^2^ P1  ^  ^  2  —  ^ i/T 2 

where 

T  =  (1  -  R/c  )“1 

P 

(67d) 

The  gas  constant  is  denoted  by  R  and  C  is  the  constant  pressure  specific 
heat.  An  additional  assumption  in  deriving  (67b  and  c)  is  that  the  gas  is 
thermally  perfect.  The  interest  is  only  in  the  case  when  (K^)2  >_  0  (other¬ 
wise  the  far-field  solution  dies  off  exponentially  in  the  transverse  vari¬ 
able),  that  is  1/(1  +  M)  <.  tc  <  1/(1  -  M) .  When  (k£)2  >_  0,  that  is 


1/(1  +  M)  _<  k  <_  1  +  M/r12  p21»  equation  (66b)  Is  used;  otherwise  (66c) 
applies.  Of  course,  (66b  and  66c)  are  really  identical  -  the  distinction 
is  artificial  and  is  made  only  to  enable  one  to  take  the  positive  square  root 
of  K2±  in  writing  down  the  solution  explicitly. 

To  complete  the  formulation  of  the  problem,  a  Fourier  transform  of  the 
matching  conditions  for  the  interface  is  performed.  In  the  still-air  region, 
the  transforms  of  equation  (63)  and  (64)  are 


p*  =  i  Pj  co  <j>* 


(68a) 


n 


*  s 


(68b) 


and  in  the  jet  regions, 

p*  5  i  p.  (jl>  <i>* 
2  0 


(68c) 
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(68d) 


where  9/3n  denotes  normal  differentiation  to  the  interface  in  the  transverse 
plane. 


Thus  the  canonical  problem  to  be  solved  is  equation  (66)  with  matching 
conditions  (68)  across  all  interfaces. 


4. 2. 2. 1.3  The  Planar  Problem 


Consider  a  convecting  line  source  with  instantaneous  coordinates  at 
(Ut,  y0)  where  y0  =  const  <  a.  Let  this  source  be  surrounded  by  two  plane 
Jets  whose  boundaries  are  given  by  y  =  ±  a  and  y  =  ±  b  (b  ^  a)  (see  Figure 
4-12).  The  objective  is  to  determine  the  effect  of  the  fluid  jets  on  the 
power  radiated  by  the  source,  and  to  examine  the  sensitivity  of  the  power 
on  the  precise  location  of  the  source  (i.e.,  on  y0) . 

In  some  applications,  a  source  of  noise  (not  necessarily  a  point  mass 
source)  is  surrounded  by  a  real  jet.  One  such  configuration  was  Investigated 
experimentally  by  Cowan  and  Crouch (33)  in  connection  with  sound  transmission 
through  a  two-dimensional  shielding  jet.  Another  application  is  encountered 
in  jet  noise  suppressors  where  the  outer  row  of  jets  surround  the  inner  rows. 
In  our  idealized  model,  the  inner  rows  are  treated  as  noise  sources  and  the 
outer  row  as  the  shielding  jet.  Of  course,  in  a  suppressor  the  "shielding 
jet"  is  not  planar  but  circular.  It  is  quite  difficult  to  solve  the  problem 
for  the  circular  geometry  when  the  noise  sources  are  off  the  axis,  since  the 
flow  field  is  axially  nonsymmetric.  To  shed  some  light  on  the  power  radiated 
by  off  axis  sources,  the  easier  planar  problem  is  considered.  Note  that  at 
very  high  frequencies  the  difference  between  the  circular  and  planar  solu¬ 
tions  is  small. 
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In  this  section,  y  is  used  to  denote  the  transverse  variable  and 
S(P)  ■  6(y  -  y0)  with  y0  “  ao,  0  <_  a  <_  1.  It  is  assumed  that  =  1  and 
P2i  “  1,  that  is  the  jet  is  cold  (cj  =  C2  =  c)  and  has  the  same  1 sentropic 
index  as  the  ambient  medium.  The  solutions  to  equations  (66)  are  written 
down  as  a  linear  combination  of  exponentials  with  unknown  co' fficients. 
These  coefficients  are  determined  by  enforcing  matching  conditions  (68) 
across  all  the  interfaces.  For  example,  outside  the  jet, 

i*  =  E  exp(ik0  Kj  y)  y  >  b  (69a) 

=  E  exp(-ikQ  K*  y)  y  <  -b  (69b) 

where  E  and  E  are  independent  of  y  and  (69a  and  69b)  satisfy  the  radiation 
condition  as  jyj  -*■  “.  The  final  results  for  E  and  E  are 

E1  _  |  2  x  1  (70a) 

Ubi  c2^koKiA* 

where  c  =  c-^  =  c7  and 


=  -2^-8  sin(akQ  K*)  +  a  cos(akQ  K*)jjs  cos(akQ  kt) 


(70b) 


+  a  sin(akQ  K, 


a, 


2  J 


=  -8  sin  [akQ  K*(l  ;  i ) ]  -  a  cos[akQ  K,(l  ;  a)]  (70c) 


with 


a  =  e 


ik0b  k;  r 


cos[k0  Kj(b  -  a)j  -  i  ~r4sintk0  K2^b  “  a)] 
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(71a) 


and 


8  =  1  e 
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Equations  (71)  are  valid  when  1/(1  +  M)  <_  tc  <_  (1  +  H) ,  that  is  when  the 
disturbance  propagates  through  the  jets  with  little  "attenuation."  However, 
when  (1  +  M)  <_  k  1/(1  -  M) ,  is  replaced  by  -i  Kj.  In  the  latter  case, 
the  disturbance  is  "attenuated"  considerably  [since  (cos,  sin)  -*•  (cosh,  sinh)  ] . 
This  region  of  attenuation  corresponds  to  the  classical  zone  of  silence;  see, 
for  example,  Morse  and  Ingard^  .  The  perturbation  pressure  and  transverse 
velocity  in  the  far  field  are  obtained  by  inverting  the  Fourier  time  trans¬ 
form  (65b)  and  adjoining  the  exponential  x  behavior  (65c). 


The  total  power,  P,  radiated  by  the  source,  as  computed  by  integrating 
(p  <f>y)  around  a  surface  |y|  =  const  is  given  by 


where 


and 


P  =  P'  +  P' 


1/(1  -  M) 

l  , 

1/(1  +  M) 


P  ^ 
2tt  c2  l) 
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(72a) 


(72b) 


with  pj  *  P2  =  P-  Physically,  P'  represents  the  radiated  power  in  the  upper 
region  (y  >  0)  and  P'  in  the  lower  (y<0) .  When  yQ  ^  0,  that  is  when  the  flow 
field  is  not  symmetric  with  respect  to  y,  P'  ^  P'.  The  mathematical  details 
entering  in  the  derivation  of  equation  (72b)  are  discussed  by  Morse  and 

Ingard(^5) # 


The  following  limiting  cases  of  the  general  solution  can  be  observed: 
As  b  -*•  a 


and 


or 


|E'|2  =  IE’ |2  =  j 
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Equation  (73c)  gives  the  power  radiated  by  a  moving  source  in  the  absence 
of  the  shielding  jets. 

The  limit  M  -+■  0  (U  -*■  0,  c  fixed)  is  considerably  more  difficult  to 
obtain  because  the  solution  becomes  unbounded  [see  equation  (66a)].  To 
circumvent  this  difficulty,  a  variable  E,  is  introduced, 

€  =  ^  (74a) 

and  and  K;?  are  rewritten  in  terms  of  £.  The  result  is 


and 


K*  =  /(I  +  MS)2  -  d 
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1  +  M 


/IT^TT 


(74b) 
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As  M  0,  -1  <_  E,  £  1  and 

Kj  =  /r-T7 

The  range  of  <  for  which  K2  applies 
Also,  k  =  1  +  M£  =  1.  Thus 

!  e  1 1 2  =  IE*!2 

P*  = 


=  Kg. 

(74d) 

has  shrunk  to  zero. 

4  k^d  -  s  ) 

(75a) 

P  kQ 

Ac3- 

(75b) 

so  that  equation  (75b)  represents  the  power  radiated  by  a  stationary  source 
in  the  absence  of  jet  shielding.  Both  equations  (73c)  and  (75b)  can  be  ob¬ 
tained  by  other  methods. 


4. 2. 2. 1.4  The  Axially  Symmetric  Problem 

As  stated  previously,  the  purpose  here  is  to  provide  some  theoretical 
information  on  the  noise  radiated  by  jet  noise  suppressors.  In  the  model, 
the  inner  jets  of  the  suppressor  are  represented  by  convecting  acoustic 
sources  and  the  outer  most  row  of  jets  by  an  annular  plug  flow  jet.  The 
results  of  the  analysis  for  the  planar  geometry  showed  that  the  total  radiated 
power  is  not  very  sensitive  to  the  precise  location  of  the  source  (see  Figure 
4-13).  This  is  interpreted  to  mean  that,  even  for  the  circular  geometry,  the 
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Figure  4-13.  Total  Radiated  Power  as  a  Function  of  Source  Frequency 
Planar  Case  and  Cold  Jet  (R  =  a/b) . 


individual  noise  sources  (i.e.,  the  inner  jets)  may  be  lumped  into  an  effec¬ 
tive  source  and  placed  on  the  axis  of  the  annular  jet. 


Thus,  the  idealized  problem  that  is  solved  is  shown  again  in  Figure 
4-12.  A  convecting  acoustic  source  (on  the  axis)  is  surrounded  by  an  annular 
jet,  and  it  is  desired  to  examine  the  effect  of  the  annular  jet  on  the  radi¬ 
ated  power. 

Let  r  denote  the  transverse  variable,  and  let  <$(P)  =  6(r) /(2irr) .  Since 
the  flow  field  is  axially  symmetric,  consider  regions  (l)  ,  (2)  ,  and  (§) 
only.  The  solution  to  equations  (66)  in  region  (3)  is 

-F  =  D  Hj1)  (k0K1+  r)  r  >  b  (76) 


where  D  is  a  constant  and  Hq^1)  is  a  Hankel  function.  The  analysis  parallels 
quite  closely  that  of  the  previous  section  except  that  trigonometric  and 
exponential  functions  (of  real  arguments)  are  replaced  by  corresponding 
Bessel  functions.  The  details  are  omitted  herein,  bet  the  final  results  are 
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The  various  cross  products  of  the  Bessel  functions  are  defined  by 


W(Z,  0  =  J0(Z)Y'U)  -  Jq(;)Yq(Z) 

(78a) 

KZ,  C)  =  0o(Z)Y0(c)  -  J0(c)Y0(Z) 

(78b) 

L'(Z,  o  =  J-(Z)Y-(;)  -  J'(:)Y'(Z) 

(78c) 

W(Z)  =  W(Z,  Z) 

(78d) 

Note  that  equations  (77)  and  (78)  hold  when  the  disturbance  is  propagating 
through  the  jet  with  little  attenuation,  that  is,  when  1/(1  +  M)  k  <_ 

1  +  M  /r i2p21*  When  K  is  outside  this  range,  Jq  and  Yq  are  replaced  by 
Iq  and  Kq  respectively,  and  by  K?.  Note  that  Jq,  Yq,  Iq  and  Kq  are  Bessel 
functions  [Abramowitz  and  Stegun'347] . 

The  total  power  radiated  across  a  very  large  cylinder  r  =  const  ® 
is  given  by 


P  = 


1/(1  -  M) 

1/(1  +  M) 


p  kQ 
8tt  Cj  U 


D '  | 2 


<  die 


(79) 


P  is  obtained  by  integrating  (p  (f>r)  around  a  large  cylinder  surrounding  the 
jet.  The  mathematical  details  are  very  similar  to  the  planar  case. 
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4. 2. 2. 1.5  Discussion  of  Results 


The  theoretical  results  for  the  plane  and  circular  geometries  are  shown 
in  Figures  4-13,  4-14,  and  4-15. 

The  total  radiated  power  as  a  function  of  source  frequency  is  shown  in 
Figures  4-13  and  4-15.  For  small  values  of  (kga) ,  the  jet-source  configura¬ 
tion  radiates  more  power  than  the  corresponding  freely  moving  source.  This 
observation  is  consistent  with  the  findings  of  Mani(l^)  for  a  single  round 
jet.  On  the  other  hand,  for  larger  values  of  k(ja,  the  jets  provide  consider¬ 
able  shielding  in  the  sense  that  the  total  radiated  power  is  reduced.  It  is 
observed  that  the  power  reduction  varies  directly  with  the  jet  Mach  number 
and  thickness. 

Figure  4-14  shows  that  the  location  of  the  source  has  little  effect  on 
the  total  radiated  power.  One  interprets  this  result  to  mean  that  the  pre¬ 
cise  location  of  the  source  is  irrelevant;  what  matters  are  the  jet  Mach 
number  and  thickness.  Clearly,  aL  low  frequencies  the  radiated  power  is 
independent  of  the  details  of  the  jet  as  shown  by  Balsa(35) .  Thus,  at  low 
frequencies  the  location  of  the  source  is  not  important.  This  conclusion  is 
borne  out  by  the  results  of  Figure  4-14.  What  is  surprising  is  that  even 
at  higher  frequencies  the  radiated  power  is  relatively  independent  of  source 
location.  Similar  results  were  also  obtained  by  Mani'1''  for  a  plane  (or 
slot)  jet.  Since  the  model  has  a  highly-idealized  shear  layer  built  into 
it,  one  may  state  that  even  in  (real)  sheared  flows  the  precise  location  of 
the  source  is  not  too  important. 

Although  the  presented  results  were  obtained  for  cold  annular  jets 
(i.e.,  p1/p2  *  1,  C]7c2  =  1),  the  general  theory  is  applicable  to  hot  jets 
as  well.  The  limiting  case  of  p^/p2  00  is  easy  to  obtain  analytically.  The 

result  is  that  the  far-field  radiated  power  is  zero;  thus  the  jets  act  as  a 
vacuum  shield  around  the  disturbance.  The  power  radiated  by  the  source, 
which  now  is  channeled  down  the  inner  cylinder  r  =  a,  is  given  by  the  wave¬ 
guide  solution  for  which  p  =  0  on  r  =  a. 

Using  the  above  results,  a  possible  explanation  for  some  of  the  experi¬ 
mental  results  observed  from  suppressors  is  now  proposed. 

Consider  an  idealized  model  in  which  the  radiated  noise  from  a  jet 
engine  suppressor  may  be  divided  into  two  distinct  spectra,  one  centered 
about  a  very  high  frequency,  the  other  about  a  very  low  frequency.  From 
dimensional  reasoning,  it  is  plausible  that  the  high  frequency  noise  is 
generated  near  the  outlet  of  the  suppressor  tubes,  whereas  the  low  frequency 
noise  comes  from  the  region  where  the  individual  jets  from  the  tubes  have 
merged  into  a  single  large  jet.  In  the  usual  engineering  analysis  on  noise 
suppression,  it  is  assumed  that  the  high  frequency  power  may  be  computed  by 
multiplying  the  power  of  a  single  jet  by  a  certain  number,  say,  Neff,  called 
the  effective  number  of  tubes.  It  turns  out  that  in  all  experimental  con¬ 
figurations  Neff  <  Ntotai,  where  Nj-0tal  the  total  number  of  tubes  in  the 
suppressor  bundle. 
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Several  empirical  expressions  for  Neff  have  been  proposed.  One  such 
expression,  adapted  by  Motsinger(36)  but  originally  due  to  Eldred,  is  plotted 
in  Figure  4-16.  This  curve  applies  to  "all"  the  high  velocity  multitube 
suppressor  configurations  that  were  studied  by  Motsinger.  Tt  is  a  very 
approximate  correlation  of  existing  multitube  suppressor  data. 

Motsinger  examined  eighteen  different  suppressor  configurations  with  the 
number  of  tubes  varying  from  37  to  253  and  jet  exhaust  velocities  in  the  range 
of  1800  fps  and  upwards.  Neff  is  the  ratio  of  the  acoustic  power  radiated  by 
the  suppressor  to  that  radiated  by  a  single  contributing  jet.  The  number  of 
effective  tubes,  Neff,  was  found  to  correlate  quite  well  with  the  ratio  of  the 
inner  to  the  total  number  of  tubes,  Ninner/Ntotal .  Also  Neff  was  quite 
insensitive  to  the  temperature  and  velocity  of  the  exhaust. 

Based  on  the  theoretical  calculations  for  the  model  problem,  a  simple 
explanation  for  Neff  is  now  proposed,  assuming  that  the  number  of  tubes  in  a 
given  region  is  proportional  to  the  area  of  the  region.  Thus,  the  quantity 
•dinner /Ntotal  is  interpreted  as  R  =  a/b.  This  assumption  is  valid  only  when 
the  number  of  tubes  in  the  tube  bundle  is  very  large.  In  this  limit,  by 
superposition,  one  finds  that 

N  N  N 

eff  1  outer  ,  inner 

n -  ~  7  m -  +  h  m -  (81) 

total  Ntotal  Ntotal 

where  n  is  the  "radiation  efficiency"  of  the  inner  tubes.  Each  outer  tube  is 
assumed  tc  radiate  50%  of  the  power  of  a  single  isolated  jet.  Here  Nouter 
denotes  the  number  of  outer  tubes. 

The  radiation  efficiency  of  the  inner  tubes  may  be  obtained  from  Figure 
4-15.  As  an  approximation,  assume  that  the  jet  exhaust  velocity  is  1800  fps; 
the  average  merged  jet  velocity  is  about  1000  fps  —  this  average  velocity 
is  to  be  used  in  the  present  calculations  because  they  are  based  on  slug  flow 
profiles.  Thus  10  logig  n  is  essentially  the  ordinate  in  Figure  4-15,  M  -  0.9 
and  (Ninner/Ntotal) =  a/b  =  R-  The  acoustic  efficiency  is  to  be  obtained 
at  large  frequencies  (kQa  -*■  ®)  by  averaging  out  the  oscillations.  The  two 
theoretical  points  for  R  *  0.5  and  0.8,  calculated  from  equation  (81)  are  also 
shown  in  Figure  4-16. 

The  point  to  be  made  is  that  the  high  frequency  noise  reduction  for 
multitube  suppressors  does  not  come  from  aerodynamic  interference  (i.e., 
aerodynamic  interaction  between  adjacent  jets),  since  there  is  little  inter¬ 
ference  at  the  exit  plane  of  the  jets  (especially  if  the  jets  are  far  apart), 
where  most  of  the  high  frequency  noise  is  generated.  Rather,  the  power  re¬ 
duction  is  a  consequence  of  acoustic-mean  flow  interactions,  estimated  through 
this  crude  model. 
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Figure  4-16.  Effective  Number  of  Tubes  as  a  Functi 
Inner  to  Total  Number  of  Tubes. 


4. 2. 2. 2  The  Directivity  of  Sound 
4. 2. 2. 2.1  Introduction 


The  results  for  the  power  radiated  by  a  convecting  mass  source  surrounded 
by  an  annular  jet  were  derived  in  the  previous  section.  The  purpose  of  this 
section  is  to  sketch  briefly  how  the  expressions  for  the  far-field  pressure 
can  be  obtained  for  the  same  problem. 

In  jet  noise  measurements,  one  is  usually  interested  in  the  spectra  of 
the  sound  pressure  level.  In  order  to  verify  the  properties  of  acoustic 
shielding  in  detail,  and  experiment  was  devised  (see  Section  6)  which  gave 
the  dependence  of  "acoustic  shielding"  on  jet  velocity,  jet  temperature 
annular  jet  thickness,  frequency,  and  angle  to  the  jet  axis.  The  expressions 
to  be  derived  in  this  section  provide  the  same  dependence;  however,  the 
actual  theory-data  comparisons  are  presented  in  Section  6.2. 

It  is  emphasized  that  the  solution  of  this  problem,  together  with  the 
experimental  data,  confirms  the  general  effects  of  acoustic  shielding  derived 
by  Mani(37,38)  for  circular  jets.  This  confirmation  establishes  the  impor¬ 
tance  of  acoustic  shielding  in  jet  noise. 


4. 2. 2. 2. 2  Formulation  of  the  Problem 


It  is  assumed  that  the  velocity  potential  $  of  the  acoustic  field  obeys 
the  linear  equation 


4  -  <’*xx  ■ 

=  exp  (-iwQt)  6  (x  -  Uct)  6  Cy )  <$U) 


(82) 


where  U  and  c  are  sectionally  constant.  These  denote  the  mean  jet  velocity 
and  acoustic  speed,  respectively  (see  Figure  4-12).  In  this  section,  the 
geometry  is  restricted  to  that  of  an  annular  jet;  (y,  z)  are  coordinates  in 
the  transverse  plane  and  the  point  mass  source  is  convecting  along  the  axis 
of  the  jet  system  with  speed  Uc.  Note  that  in  this  part  of  the  analysis  the 
source  convection  speed  may  differ  from  the  jet  velocity.  The  source  is  oscil¬ 
lating  at  circular  frequency  u>0  in  its  own  reference  frame.  As  before,  A 
denotes  the  Laplacian  in  the  transverse  plane.  The  other  variables  are  de¬ 
fined  in  the  cited  figure. 


The  simplest  representation  for  the  acoustic  pressure  is  obtained  by 
using  Fourier  transformation  in  the  axial  variable  x.  Defining 


$  = 


<t>  dx 


(83a) 


In 
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whose  inverse  is 


i  r  . 
rH  /  e1' 


(83b) 


the  transformation  (83a)  is  applied  to  (82).  The  results  are,  after  the 
introduction  of  a  new  dependent  variable,  0, 

3/2 

4>  =  -  (  2tt)  c2<T  exp  UtO  +U  s)]  (84a) 


+  k2  $  =  6(r)/r  (84b) 


A4>  +  k2  K?  $  =  0 

o  2 


where  kQ  =  wG/c^.  Note  that  s  is  a  Fourier  transform  variable  (essentially 
an  axial  wave  number)  and  euqation  (84b)  is  valid  in  the  quiescent  regions 
(l)  and  (3)  whereas  (84c)  is  valid  in  the  annular  jet,  region  (2)  (Figure 
4-12).  Ki  and  K2  are  defined  by 


K2  =  (1  4 Mcc)2  -  a: 


K2  =  4V  [1  +  ^  ’  M)°l2  - 


2  2 


(83a) 


(85b) 


where  a  =  s/kQ,  Mc  =  Uc/c^  and  M  =  U/c-^.  The  convective  and  jet  acoustic 
Mach  numbers  are  denoted  by  Mc  and  M,  respectively.  The  variables  and 
K2  are  the  radial  propagation  constants  in  the  quiescent  and  jet  regions, 
respectively . 

The  Fourier  x-transform  of  the  interface  conditions  is  straightforward. 
The  matching  conditions,  to  be  satisfied  on  the  mean  location  of  the  two 
interfaces,  are 


1  or  3 


P2  * 
—  0 . 
Pi 


r  3  <t> ,  r  9  <I>. 

(3T\  .  ‘ 

1  or  3  2 


(86a) 


(86b) 


wmm  i  ii 


where 


1  +  M  a 

<  =  - - - 

1  +  (M  -  M)o 


(86c) 


The  subscripts  1  and  3  are  to  be  used  for  the  matching  at  r  =  a  and  r  =  b, 
respectively,  and  refer  to  the  solutions  in  the  quiescent  regions.  Subscript 
2  refers  to  the  solution  in  the  annular  jet. 


4. 2. 2. 2. 3  A  Solution  of  the  Problem 

As  for  the  elliptic  jet  [equation  (14)],  there  is  a  complete  correspon¬ 
dence  between  the  equations  for  the  directivity  and  those  for  the  power  pro¬ 
vided  that  the  following  equivalence  is  made  [equations  (84),  (86),  and  (66), 
(68)]: 


Correspondence  Principle 


Power  -*■ 

Directivity 

ap2 

2  2 

K1  =  K3 

,  +2 

2 

(k2) 

K2 

K 

K 

-  c1(2tt)3/2U^* 

$ 

Thus  the  solution  for  the  velocity  potential  is  given  by  the  results  of 
Section  4. 2. 2. 1.4,  provided  that  the  above  correspondence  principle  is  ob¬ 
served.  More  exactly. 


4> 


7T 

7 


D'  H 


CD 


(k0Kr) 


(87) 


where  D’  is  given  by  equations  (77b),  and  (87)  is  valid  in  region  (5)  ,  and 
Hq(1)  is  the  Hankel  function.  The  pressure  in  the  ambient  region  outside 
the  jet  is  proportional  to  the  time  derivative  of  the  velocity  potential. 
Invoking  the  inverse  Fourier  transformation,  the  final  result  for  the  pressure 
p  is 


P  =  * 


~  f  O'  (k0V)  (■„  .  ucs) 


x  e 


"I 


-iu)  t  is  (x  -  U  t) 


(88) 
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4. 2. 2. 2. 4  The  Far-Field  Directivity  of  the  Source 

In  the  far  field,  as  kQR  -*  °°,  where  R  is  the  distance  between  the  source 
and  the  observer,  (88)  can  be  evaluated  by  the  method  of  stationary  phase. 
This  procedure  is  discussed  by  Carrier,  Krook,  and  Pearson(31) ,  The  Hankel 
function  is  expanded  in  its  asymptotic  form  and  then  the  stationary  phase 
procedure  is  applied  to  obtain  the  final  result  for  the  pressure  p: 


where 


P 


to  0-, 

o  1 

4itc^ 


-iwo(t  -  R/Cj) 

- -  (D’)o 

R(1  -  MccosO)2 


a* 


cos  0 _ 

I'M  cos0 
c 


(89a) 


(89b) 


The  point  of  stationary  phase  is  denoted  by  a*  and  0  is  the  angle  with 
respect  to  the  jet  axis.  The  coefficient  D’  is  to  be  evaluated  at  the  point 
of  stationary  phase. 


4. 2. 2. 2. 5  Discussion 

It  can  be  observed  that  the  far  field  decays  as  R_]-  as  R  +  that  the 
explicit  convective  amplification  of  a  mass  source  is  two  powers  of  the 
Doppler  factor  (1  -  Mccos0) ,  and  that  the  phase  difference  between  the 
source  and  observed  signals  is  the  travel  time  R/c^.  The  entire  effect  of 
acoustic  shielding  is  contained  in  the  coefficient  D'.  In  the  absence  of 
annular  jet,  D'  =  -i  and  p  then  agrees  with  the  classical  result  for  a  con- 
vecting  source  in  a  quiescent  medium.  It  should  be  observed  from  equation 
(77)  that  the  coefficient  D'  depends  on  the  thickness  of  the  shielding  jet 
(through  kGa  and  kGb) ,  the  density  ratio  ?21  =  P2^pl*  the  convective  Mach 
number  Mc,  jet  acoustic  Mach  number  M,  and  the  angle  to  the  jet  axis  0. 

This  dependence  will  be  shown  explicitly  under  the  theory-data  comparisons 
of  Section  6.2. 

The  most  significant  effect  of  shielding  is  at  shallow  angles  to  the 
jet  axis,  typically  0  _<  50°.  This  effect  shows  up  as  a  greatly  reduced  sound 
pressure  level  in  the  far  field.  Note  that  convective  amplification  increases 
the  pressure  at  shallow  angles  whereas  acoustic  shielding  reduces  it.  How¬ 
ever,  convective  amplification  is  frequency  independent,  whereas  acoustic 
shielding  is  strongly  frequency  dependent.  This  feature  of  the  model  enables 
one  to  predict  different  directivities  at  different  frequencies.  In  the 
presence  of  a  shielding  jet,  the  total  convective  amplification  of  the  source 
is  considerably  different  from  the  classical  result.  This  is  because  propaga¬ 
tion  constants  K|  and  «2  also  depend  on  Mc  cos  0. 
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4. 2. 2. 2.6  Conclusions 


It  has  been  shown  that  the  power  radiated  by  a  convecting  mass  source 
depends  on  the  environment  in  which  the  radiation  takes  place.  For  the 
specific  geometry  considered,  the  radiated  power  varies  inversely  with  jet 
Mach  number,  jet  thickness  and  source  frequency.  These  results  are  con¬ 
sistent  with  Mani'sd?)  findings  for  a  different  geometry.  The  radiated 
power  of  a  given  mass  source  is  not  a  constant,  and  this  points  to  the 
nonconservation  of  the  Rayleigh  acoustic  energy  density  in  sheared  flows. 

This  also  holds  for  higher  order  singularities  such  as  dipoles  and  quadru- 
poles,  since  these  can  be  obtained  from  suitable  superposition  of  simple 
sources . 

It  is  believed  that  the  exceptionally  good  agreement  shown  in  Figure 
4-16  is  rather  fortuitous.  A  two  point  theory  data  comparison  is  hardly 
an  adequate  basis  for  drawing  substantial  conclusions.  It  can  be  concluded 
though  that  this  preliminary  result  lends  credence  to  the  idea  that  the 
noise  power  reduction  observed  at  high  frequencies  in  multitube  suppressors  is 
probably  caused  by  acoustic  mean  flow  interaction  and  is  not  due  to  inter¬ 
ference  effects. 

4.2.3  Conventional  Bypass  Coaxial  Jet  Noise 

In  the  previous  two  sections,  the  power  and  directivity  of  elliptic  and 
annular  jets  were  examined.  The  next  step  in  complexity  is  to  introduce  an 
"inner"  or  "core"  flow  in  the  annular  jet.  This  configuration  simulates  the 
jet  plume  of  conventional  bypass  engines.  The  annular  and  round  jet  results 
will  be  limiting  cases  of  this  section  for  suitable  outer-to-inner  jet  veloc¬ 
ity  ratios. 

Two  additional  steps  will  be  taken  in  this  section.  First,  the  acoustic 
field  of  convecting  pressure  quadrupoles  (rather  than  simple  mass  sources) 
will  be  derived,  and  second,  the  strength  of  these  quadrupoles  will  be  pre¬ 
dicted  by  an  aerodynamic  theory.  This  leads  to  a  rational  scheme  for  the 
prediction  of  the  absolute  directivity  of  coaxial  jet  noise.  A  brief  sketch 
of  the  aerodynamic  mixing  calculation  is  given  in  Appendix  A;  a  more  detailed 
description  is  found  in  Sections  4.5  and  4.7. 


4. 2. 3.1  Introduction 

Considerable  progress  was  made  in  the  early  1970 's  in  understanding  the 
noise  produced  by  hot  and  cold  round  jets.  This  progress  was  a  direct  result 
of  careful  and  accurate  jet  noise  measurements  and  of  new  theoretical  develop¬ 
ments.  The  theoretical  effort  focused  on  the  important  acoustic/mean  flow 
interaction  phenomenon. 

It  was  desirable  to  extend  this  understanding  to  other  nozzle  configura¬ 
tions.  The  primary  motivation  was  to  develop  a  tool  to  study  the  parametric 
dependence  of  noise  on  nozzle  shape.  Such  a  tool  would  be  indispensable  in 
the  search  for  a  "quiet"  nozzle.  A  secondary  objective  was  to  check  the 
generality  of  the  concepts  developed  for  describing  round-nozzle  jet  noise. 
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In  this  section,  a  model  of  the  aeroacoustic  characteristics  of  co- 
planar,  coaxial  nozzles  is  developed.  This  is  the  simplest  extension  of  the 
round  jet  work.  Considerable  acoustic  data  exist  for  this  geometry  and  com¬ 
parisons  of  predictions  with  experiment  are  presented  for  a  wide  range  of 
inner-to-outer  stream  velocity  ratios  and  exhaust  area  ratios.  The  measured 
features  of  coaxial  jet  noise  are  predicted  quite  well. 


4.2. 3. 2  General  Remarks 

The  development  of  the  present  prediction  method  rests  on  two  primary 
assumptions:  (1)  the  dominant  jet  noise  generation  mechanism  is  the  random 

momentum  fluctuations  of  the  small-scale  turbulent  structure  in  the  mixing 
regions  of  the  jet  plume;  and  (2)  the  propagation  of  this  noise  to  the  far- 
field  observer  is  significantly  altered  by  the  surrounding  jet  flow  in  which 
the  turbulent  eddies  are  embedded  and  convecting.  The  jet  produces  an  in¬ 
trinsic  noise  intensity  spectrum,  directly  relatable  to  the  statistical 
aerodynamic  properties  of  the  jet  (i.e.,  mean  velocity  and  density  distribu¬ 
tions,  and  local  turbulent  structure  properties  such  as  length-scale,  in¬ 
tensity),  which  is  modified  by  acoustic/mean  flow  interactions. 

The  prediction  method  follows  a  sequence  of  three  basic  steps:  (1)  pre¬ 
diction  of  the  aerodynamic  characteristics  (mean  velocity,  density  and  turbu¬ 
lent  structure  properties);  (2)  evaluation  of  the  turbulent  mixing  noise  at 
90°  to  the  jet  axis  utilizing  the  flow  properties  from  (1)  and  the  Lighthill- 
Ribner  theory;  and  (3)  construction  of  the  far-field  sound  spectrum  at  various 
observer  positions,  utilizing  the  results  of  (1,  2)  and  accounting  for  the 
source  convection  and  acoustic/mean  flow  interaction  using  Lilley's  equation. 

The  acoustic  aspects  of  the  problem  are  described  in  some  detail;  the 
aerodynamic  aspects  are  sketched  out  in  Appendix  A.  Extensive  theory  -  data 
comparisons  are  also  presented. 


4. 2. 3. 3  Formulation  of  Problem 

In  this  section,  expressions  for  the  pressure  fields  associated  with 
convecting  quadrupoles  are  developed.  These  quadrupoles  are  assumed  to  move 
along  the  axis  of  the  jet;  arbitrarily  placed  sources  are  discussed  in  Sec- 
t ion  4.3. 

It  is  assumed  that  the  mean  velocity  and  temperature  fields  in  a  coaxial 
jet  (for  the  purposes  of  estimating  the  acoustic  radiation)  can  be  approxi¬ 
mated  by  sectionally  constant  (i.e.,  plug)  profiles.  Lilley's  equation  for 
this  special  situation  reduces  to  [see  Mani(37)]; 
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where  p  is  the  acoustic  pressure,  U,  c  are  the  mean  jet  velocity  and  acoustic 
speeds,  Uc  is  the  source  convection  speed,  and  A  is  the  Laplacian  in  the  trans¬ 
verse  variables.  The  instantaneous  location  of  the  source  is  (Ut,  r0,  90)  and 
this  source  is  oscillating  at  circular  frequency  w0  in  its  own  (moving)  ref¬ 
erence  frame.  The  geometry  of  the  problem  is  shown  in  Figure  4-17;  U  and  c 
take  on  values  U^,  U2,  U3  =  0  and  c^,  C2,  C3  in  the  core,  fan  and  ambient 
regions,  respectively.  Coordinates  (x,  r,  9)  comprise  a  cylindrical  system 
with  x  along  the  jet  axis.  Also,  time  is  deonted  by  t.  Note  that  is  some 
representative  average  value  of  inner  stream  velocity,  not  necessarily  equal 
to  nozzle  exit  value;  the  same  remark  holds  for  U2  in  the  outer  stream. 


The  right  hand  side  of  equation  (90)  is  a  convecting  pressure  source. 
From  the  solution  for  p,  the  pressure  fields  for  all  quadrupoles  can  be 
derived.  Then  these  st  lutions  for  the  quadrupoles  are  combined  in  a  suitable 
way  to  deduce  the  solution  to  Lilley's  equation  with  the  actual  self-noise 
source  as  the  forcing  term. 


4. 2. 3. 4  Solution  of  the  Problem 

The  solution  to  equation  (90),  satisfying  suitable  jump  conditions  across 
the  fluid  interfaces  at  r  =  a  and  r  =  b,  and  obeying  the  Sommerfeld  radiation 
condition  at  r  =  °°,  is  obtained  by  Fourier  transforms.  Define  the  multiple 
Fourier  transform  of  p  as 

OO  00  77 

n  -  1  f  f  f  „  „in0  -int  -isx  . 

P  ~  77 T  I  I  I  P  e  e  e  de  dt  dx  (91) 
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whose  inverse  is 

in0  iflt  isx 

e  e  dft  ds  (92) 


and  applying  the  transformation  (91)  to  (90),  after  a  number  of  integrations 
by  parts  (ignoring  contributions  from  upper  and  lower  limits) ,  the  following 
equation  is  obtained: 
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where 


F  =  -  5 + OjJ/cJ 


n,  =  + u„s 

1  o  c 


(94) 


Here,  U,  s  and  n  are  the  Fourier  transform  variables.  They  can  be  interpreted 
as  the  frequency,  axial,  and  circumferential  wave  numbers,  respectively . 
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The  solution  of  equation  (93)  is  in  terms  of  Bessel  functions.  The 
actual  form  of  the  solution  (whether  one  uses  regular  or  modified  Bessel 
functions)  is  a  strong  function  of  the  algebraic  sign  of 
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It  is  required  that  K  in  the  ambient  region,  Kj,  be  positive,  since 
otherwise  no  wave  propragation  takes  place  in  the  far  field.  This  places 
a  certain  restriction  on  fl  and  s.  For  these  same  values  of  and  s,  the 
values  of  in  regions  one  (K?)  and  two  (k|)  may  be  positive  or  negative. 

may  be  interpreted  as  a  radial  propoagation  constant  in  each  of  the 
regions. 


Across  the  interfaces,  continuity  of  pressure  and  particle  displacement 
is  enforced.  This  is  because  the  interface  must  consist  of  particles  of  fixed 
identity.  If  Q  f  J|  denotes  the  jump  in  f  across  an  interface,  one  then  re¬ 
quires  that 


where  p  is  the  undisturbed  fluid  density  in  a  given  region.  Since  the  undis¬ 
turbed  static  pressure  is  assumed  to  be  a  constant  throughtout  the  jet,  p  is 
directly  calculable  in  terms  of  c.  Note  that,  for  the  coaxial  jet  problem, 
there  are  two  interfaces ;  one  at  r  ■  a  and  another  at  r  =  b  (b  >  a) .  Across 
the  source  location  r  =  rQ,  p  is  continuous,  and  dp/dr  changes  by  F  exp 
(i  n  0O) . 

The  above  jump  conditions  and  the  radiation  condition  at  infinity  render 
the  solution  to  the  problem  unique.  The  required  solution  involves  a  tremen¬ 
dous  amount  of  algebra  involving  very  lengthy  expressions,  which  need  not  be 
reproduced  here.  The  final  result  for  the  acoustic  pressure  in  the  ambient 
region  is  given  by 
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where  en  is  the  Neumann  factor  (£q  “  7>  en  =  1  ,  n  >  1)  , 
and  A  is  given  by 
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The  parameters  a  and  3  in  the  above  expressions  for  A  are  given  by 

m  "r(K2  a,  K2  b) 

a  “  Hn  (K3  WpT- 


p2  k3  cn  -  u2s)2  (1) 


3  2 


L(K  b,  K  a) 

(K5  b)  WJYJ157 - 


(98c) 


6  =  \\[l)  (K,  b) 


I,'  (K,  a,  K,  b) 


3  UJ  W ( K ,  'HT 


p2  k3  («  +u2s)’  (1y 


W(K2  b,  K2  a) 


p3  K2 


(K3  b)  W(K?  b)  (98d) 


The  auxiliary  functions  occurring  in  equation  (98)  are  defined  as  follows: 
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W(z)  =  W(z,  z) 

(99d) 

where  Jn  and  Yn  are  Bessel  functions,  and  the  primes  denote  differentiations. 
W(z)  is,  of  course,  the  Jacobian,  and  Hn(D  is  the  Hankel  function  of  the 
first  kind  [Abramowitz  and  Stegun(34)]. 
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The  above  solution  for  the  pressure  in  the  ambient  field  is  valid  as  long 
as  (K^,  K2,  and  K3)  >  0.  When  Kj  is  negative,  equations  (98)  and  (99)  are 
still  valid  provided  that  all  the  Bessel  functions  whose  argument  involves 
are  replaced  by  their  modified  counterparts.  Similar  remarks  hold  for  Kj. 

The  solution  given  by  p  represents  the  acoustic  pressure  for  a  simple  source 
convecting  with  velocity  Uc,  having  a  source  strength  of  unity  and  frequency 
ui0.  The  source  is  at  an  arbitrary  point  in  the  core  region  (region  (l)  )  of 
the  jet,  r  =  rG.  Note  that  K  =  ( 1 / 2 ^ 


It  is  seen  that  the  expression  for  the  pressure  of  a  convecting  source 
is  a  superposition  of  certain  cylindrical  (i.e.,  the  sum  over  n)  and  axial 
(i.e.,  the  integral  over  s)  waves.  The  weighting  factor.  A,  being  an  ex¬ 
tremely  complex  function  of  the  geometry  (a,  b) ,  source  convection  velocity 
Uc,  jet  core  and  fan  velocities  Uj,  U2,  jet  temperature  and  source  frequency, 
is  evaluated  numerically. 


4. 2. 3. 5  The  Far  Field  of  Quadrupoles 

In  principle,  it  is  possible  to  evaluate  the  integral  in  equation  (98a) 
numerically  and  then  differentiate  the  resultant  expression  with  respect  to 
the  source  coordinates  (rc,  0O)  in  order  to  generate  the  dipole  and  quadrupole 
solutions  to  Lilley's  equation.  On  the  other  hand,  whenever  the  observation 
point  is  in  the  far  field,  it  is  possible  to  evaluate  this  s  integral  by  the 
method  of  stationary  phase.  The  technique  is  classical  and  therefore  only 
the  final  result  need  be  quoted.  In  the  limit  as  (r2  +  x2)1'2  <»,  equation 

(98a)  can  be  reduced  to  the  following: 
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and  R  is  the  distance  from  the  jet  nozzle  to  the  observer  located  at  angle  0 
with  respect  to  the  x-axis,  and  Mc  is  the  source  convection  Mach  number 
Uc/c3.  Also,  A  is  to  be  evaluated  at  the  point  of  stationary  phase,  given  by 


c  =  V  COS0 

5  *0  1  -  M  cos©  (100c) 

c 


where  k^  »  w0/ C3.  Equations  (100)  contain  the  results  of  Lighthill  for  the 
limiting  condition  01=02=*  03,  Ui  =  U2  •  0,  as  well  as  the  round  jet  results 
of  Mani  for  a  =  b.  Thus  (100)  is  a  generalization  of  all  previous  acoustic 
theories . 
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Thus  far,  the  location  of  the  source,  rg,  has  remained  arbitrary.  Phys¬ 
ically,  the  most  appropriate  location  for  the  source  is  along  the  nozzle  lip 
line  (i.e. ,  at  rg  =  a  and  rg  =  b)  .  However,  in  the  case  of  a  slug  flow  model 
of  a  round  jet,  Mani(37>38)  (see  Section  4.2.2)  has  found  that  the  precise 
location  of  the  source  is  not  too  important,  and  that  sources  convecting  on 
the  jet  centerline  sufficiently  explain  most  of  the  characteristics  of  both 
hot  and  cold  round  jet  noise.  Thus,  in  this  analysis,  rg  =  0  is  assumed. 

Equation  (100)  is  now  expanded  in  a  Taylor  series  about  rg  =  0,  yielding 
the  result 


p  =  co  +  y0ci  cose  +  zo(:i  sine  +  (y<!  •  zo )cz  cos 2e 
*  2y0  20  C2  si"  -  6  -  T  lK!l  (y0  4  20^'0  4  (101.) 
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and  (yg,  zQ)  denote  the  transverse  coordinates  of  the  source.  T(n)  is  the 
Gamma  function. 


The  transverse  dipole  and  quadrupole  solutions  can  be  obtained  from  equa¬ 
tion  (101a)  by  differentiation  with  respect  to  yg  and  Zg,  and  then  setting 
r0  =  0-  Also,  differentiations  with  respect  to  x  generate  longitudinal  dipole 
and  quadrupole  solutions.  This  latter  operation  is  equivalent  to  multiplica¬ 
tion  by  s  given  by  equation  (100c);  symbolically,  d/dx  -*■  s. 

As  an  example,  consider  the  on-axis  y-y  quadrupole  Q22  =  Qyy  The  solution 
in  terms  of  the  simple  source  solution  is  given  by 
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The  square  of  the  amplitude  of  this  quadrupole  is  given  by 
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where  Q*  is  the  complex  conjugate 
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If  we  define,  for  any  quadrupole 
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we  find  that 
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Physically,  a£2  is  the  aximuthal  average  of  the  amplitude  of  a  ring  of  totally 
incoherent  y-y  quadrupoles. 


The  expression  for  acoustic  pressure  (101a)  is  valid  for  a  "unit"  convect- 
ing  (and  compact)  velocity  fluctuation.  Both  in  the  Lilley  and  Ligh thill 
formulations,  the  strength  of  the  noise  source  is  proportional  to  the  jet 
density.  Mani(38'  has  shown  that  a  compact  velocity  quadrupole  in  a  heated 
jet  generates  dipole-like  and  simple  source-like  forcing  functions.  A 
detailed  derivation  of  these  terms  is  omitted  herein  for  brevity,  but  the 
final  expressions  are  quoted  below: 
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In  these  equations,  (p,  3p/3r,  3^p/3r^)  are  some  representative  values  of 
the  density  and  its  various  gradients.  The  exact  computation  of  these 
gradients  follows  the  procedures  proposed  by  Mani'^°) .  Note  that  when  p  ■  1 
equation  (105c)  reduces  to  (104)  as  required. 

Finally,  these  various  quadrupole  solutions  are  combined  so  that  the 
noise  source  is  effectively  an  eddy  of  isotropic  turbulence,  as  suggested 
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by  RibnerVJ  ' .  In  the  present  terminology,  the  approximate  mean  square 
pressure  is  given  by 


p  -  (au  t  4a12  t  2a22  ,  2a23) 


(106) 


The  factor  of  proportionality  in  this  equation  is  directly  relatable  to  the 
turbulence  properties  in  the  jet  supplied  by  the  aerodynamic  calculation. 

If  p^  is  known  at  one  angle  (say  0  =  90°),  this  factor  can  be  found  and  equa¬ 
tion  (106)  can  be  used  to  find  the  mean  square  pressure  at  all  other  angles. 
Thus,  the  absolute  level  and  directivity  in  each  frequency  band  can  be  esti¬ 
mated. 


4. 2. 3.6  Discussion  of  Results 

In  applying  the  previously  described  model  to  coaxial  jet  noise  predictions, 
three  further  assumptions  had  to  be  made.  The  first  assumption  concerns  the 
selection  of  a  diameter  of  characteristic  length  D  to  use  in  determining  the 
typical  frequency  of  each  jet  slice.  A  suitable  expression  for  D  which 
satisfies  the  limiting  conditions  when  U2  =  0  or  =  U2  is 


(b  -  a) 


(107) 


an  assumption  was  also  made  that  the  "suitable  average"  values  of  and  U2 
used  in  evaluation  of  the  directivity  expressions  of  the  previous  section  are 
given  by  65%  of  the  corresponding  nozzle  exit  values.  Further,  the  source 
convection  velocity  was  assumed  to  be  65%  of  evaluated  at  the  nozzle  exit. 

Figure  4-18  shows  overall  sound  pressure  level  (OASPL)  variations  with 
velocity  ratio  VR  and  area  ratio  AR,  at  an  observer  angle  0  =  90°.  These 
predictions  essentially  come  from  the  aerodynamic  portion  of  the  prediction 
model  and  the  Lighthill-Ribner  theory  of  jet  noise.  The  data  (denoted  by 
symbols)  shown  is  from  Olsen^O) t  and  the  theory  is  indicated  by  a  solid  line. 
There  is  remarkably  good  agreement  at  all  area  and  velocity  ratios.  In  par¬ 
ticular,  both  the  location  and  the  magnitude  of  the  noise  minimum  is  pre¬ 
dicted  correctly.  This  noise  minimum  is  a  direct  consequence  of  the  reduc¬ 
tion  in  turbulence  intensity  in  the  inner-to-outer  stream  mixing  layer  as  the 
outer  flow  velocity  is  increased  to  about  40%  of  the  inner  flow  velocity.  * 
Further  increases  in  outer  flow  velocity  cause  the  outer-to-ambient  stream 
mixing  layer  turbulence  to  produce  the  dominant  noise.  Figures  4-19  and  4-20 
show  corresonding  SPL  (sound  pressure  level)  spectra  at  two  area  ratios  and 
several  velocity  ratios.  The  agreement  attained  between  theory  and  experi¬ 
ment  was  found  to  be  quite  good.  The  data  are  free  field  and  lossless  for 
pure  mixing  noise. 


For  the  precise  relationship  between  the  turbulent  mixing  parameter  and 
velocity  ratio,  see  equation  (280). 
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-18.  Overall  Sound  Pressure  Level  at  0  *  90° 
as  Function  of  Area  and  Velocity  Ratios 
(Cold  Jet,  U.  =  980  ft/sec). 


Figures  4-21  through  4-23  show  the  SPL  as  a  function  of  observer  angle  0, 
at  constant  values  of  source  Strouhal  number  St  =  f  a(l  -  Mc  cosO)/Uij. 

These  results,  for  AR  =  3.9,  are  shown  at  velocity  ratios  of  0.4,  0.6,  and 
0.8,  respectively.  It  may  be  recalled  that  the  SPL  at  0  =  90°  comes  from  the 
turbulence  prediction  and  the  Lighthill-Ribner  theory.  The  acoustic  theory, 
equations  (100)  -  (106)  extends  the  90°  prediction  to  all  other  angles.  It 
is  seen  that  the  agreement  between  theory  and  experiments  is  good  except  at 
high  frequencies  and  shallow  angles,  where  refraction  is  generally  overesti¬ 
mated.  This  is  a  limitation  of  the  slug  flow  assumption,  as  Mani”')  also 
obtained  similar  results  for  round  jets. 

Figure  4-24  shows  SPL  versus  VR  trends  at  several  angles  and  Strouhal 
numbers.  Again,  the  acoustic  theory  is  quite  successful  in  predicting  the 
directivity  pattern,  while  the  basic  turbulence/intrinsic  intensity  models 
yield  the  correct  absolute  levels. 

Finally,  in  Figure  4-25,  the  SPL  spectra  for  a  heated  coaxial  jet  are 
shown  at  several  velocity  ratios.  Again  the  agreement  between  theory  and 
data  [from  Kazin,  et  al.^^-^1  is  seen  to  be  very  good. 

4. 2. 3. 7  Conclusions 

In  summary,  it  appears  that  the  present  model  is  capable  of  predicting 
many  of  the  observed  characteristics,  including  absolute  level,  of  coaxial 
jet  noise.  The  noise  reduction  of  coaxial  jets,  for  VR  £  1,  was  found  to  be 
primarily  a  result  of  reduction  in  turbulence  intensity.  A  number  of  improve¬ 
ments  in  the  theory  will  be  described  in  the  following  sections.  These 
include  a  better  description  of  the  turbulence  spectrum  (i.e.,  the  slice-of- 
jet  approach  is  replaced  by  a  local  eddy-volume  discretization  of  the  jet 
plume),  and  the  slug  flow  is  replaced  by  continuous  sheared  velocity  and 
temperature  profiles. 
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4.3  GENERALIZED  HIGH  FREQUENCY  SHIELDING  THEORY 

The  purpose  of  this  section  is  to  derive  expressions  for  the  pressure 
field  of  various  high  frequency  convected  singularities  immersed  in  parallel 
jet-like  sheared  flows.  These  expressions  include  the  simultaneous  effects 
of  fluid  and  source  convection,  refraction,  and  jet  temperature.  There  i.,  no 
restriction  on  the  location  of  these  singularities;  they  can  be  anywhere 
within  the  jet  but  the  convection  velocity  is  assumed  to  be  parallel  to  the 
jet  axis. 

The  theoretical  results  show  the  explicit  form  of  the  fluid  shielding 
integral.  This  quantity  depends  rather  strongly  on  the  precise  location  of 
the  source;  the  closer  the  source  is  to  the  jet  boundary,  the  less  is  the 
effect  of  acoustic-mean  flow  interaction^ .  It  is  also  shown  that  convective 
amplification  for  the  pressure  of  a  quadrupole  is  increased  by  a  factor  of 
(1  -  Mj  cosQ)-^  over  the  classical  results,  where  Mj  is  the  jet  Mach  number 
and  0  is  the  angle  from  the  jet  axis.  Thus  acoustic  mean  flow  interaction 
not  only  implies  "refraction"  but  also  additional  convective  amplification 
due,  not  to  source  convection,  but  to  fluid  motion.  Interesting  effects  due 
to  temperature  are  also  evident. 

Finally,  the  results  of  this  section  form  the  backbone  of  the  acoustic 
portion  of  the  unified  aeroacoustic  model  described  in  Section  4.7. 


4.3.1  Introduction 

Lighthill^^)  ^  tn  his  classic  theory  of  jet  noise,  identified  the  most 
prominent  source  of  noise  ns  the  double  divergence  of  the  tensor  uu  where  u 
is  the  fluid  velocity.  He  also  showed  that  the  acoustic  pressure  fluctua¬ 
tions  that  are  driven  by  this  source  obey  the  classical  wave  equation.  Since 
the  source  of  noise  is  embedded  in  the  jet,  the  pressure  fluctuations  propa¬ 
gate  through  a  region  of  nonuniform  velocity  (and  perhaps  temperature)  before 
they  reach  the  oL  ,erver.  The  Lighthill  theory  clearly  fails  to  account  for 
this  physicaL  effect,  that  is,  it  does  not  take  acoustic  mean  flow  inter¬ 
ne  t ions  into  account  oxp 1  i c i t  I  v . 

Recently  it  has  been  recognized,  especially  through  the  work  of 
Mani(17,  43,  37,  38) >  that  these  acoustic  mean  flow  interactions  are  ex¬ 
tremely  Important  and  explain  quantitatively  many  of  the  observed  character¬ 
istics  of  cold  and  hot  jet  noise.  Perhaps  the  most  significant  finding  of 
Mani  is  that  "convection  amplification"  is  frequency  dependent,  where,  in  the 
definition  of  convection  amplification  both  source  and  fluid  convection 
effects  (i.e.,  a  nonzero  jet  velocity)  are  now  included.  Several  other 
authors,  notably  Ribner(?),  Csanady(14),  Schubert(44)  and  Pao(45)  have 
qualitatively  explained  a  number  of  phenomena  by  acoustic  mean  flow  inter¬ 
act  ions . 
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Three  points  in  connection  with  Mani's  work  are  to  be  made.  First,  he 
treats  round  jets  exclusively;  second,  for  the  purposes  of  estimating  the 
acoustic  field,  he  replaces  the  actual  jet  velocity  and  temperature  profiles 
by  uniform  or  slug  flow  profiles;  and  third,  he  assumes  that  the  quadrupole 
noise  sources  are  convecting  along  the  centerline  of  the  jet. 

Various  generalizations  to  Mani's  work  have  been  made.  The  slug  flow 
theory  was  successfully  extended  by  Gliebe  and  Balsa(^6)  to  coaxial  jets,  the 
slug  flow  profiles  were  replaced  by  monotonic  and  continuously  varying  pro¬ 
files  for  on-axis  sources  by  Balsa(47)  and  Goldstein (^8) ,  ancj  resuits  for 
arbitrarily  located  sources  in  continuously  varying  monotonic  profiles  were 
derived  by  Balsa(49)  and  Goldstein(50,  51)  _ 

It  should  be  noted  that  the  slug  flow  theories  become  quite  inadequate 
at  high  jet  velocities  ('v  2000  fps)  and  at  "small"  jmgles  to  the  jet  axis 
('v  <  50°).  This  is  especially  true  for  nonmonotonic  velocity  or  temperature 
profiles.  These  are  encountered  in  inverted-flow  nozzle  exhaust  systems.  An 
indication  for  the  systematic  failure  of  the  slug  flow  theories  may  be  seen 
from  the  work  of  Mani(37,  38)  or  Gliebe  and  Balsa(^6);  although  the  theory 
data  comparisons  in  these  references  are  restricted  to  jet  velocities  of  less 
than  1000  fps. 

In  any  case,  it  is  now  known  that  a  satisfactory  (i.e.  ,  rational  and 
accurate)  theory  of  jet  noise  can  be  developed  based,  to  a  large  extent,  on 
the  radiation  field  of  quadrupoles  immersed  in  parallel  sheared  flows.  For 
the  purposes  of  the  acoustic  theory,  the  locations  of  these  quadrupoles  are 
arbitrary  —  clearly  these  locations  must  be  determined  by  independent  means 
such  as  an  aerodynamic  mixing  calculation.  It  is  also  sufficient,  especially 
at  high  jet  velocities,  to  consider  only  the  high  frequency  radiation  from 
these  sources.  Tester  and  Morfey(52)  numerically  find  the  high  frequency 
asymptote  is  attained  very  rapidly.  Similar  sentiments  were  expressed  by 
Pao(^5) t 

The  starting  point  for  the  present  theory  is  Lilley’s  equation  in  which 
the  jet  velocity  and  temperature  profiles  are  arbitrary  functions  of  the 
radial  variable  r.  The  relevance  of  Lilley's  equation  to  jet  noise  has  been 
questioned  by  a  number  of  authors  for  various  mathematical  and  physical 
reasons.  It  is  felt  that  if  acoustic  mean  flow  interactions  are  important, 
as  they  really  are,  the  Lilley  equation  must  be  a  first  approximation  of 
these  effects.  This  conjecture  is  supported  by  the  success  of  the  work  of 
Mani.  The  approach  is  to  solve  Lilley's  equation  for  a  convected  point 
source  of  circular  frequency  u.  This  solution  is  a  Green's  function.  The 
approximate  solution  that  is  presented  is  valid  to  lowest  order  as  ka  -*■  <*> 

(k  =  rn/coo)  where  a  is  the  jet  radius  and  Co  is  the  ambient  speed  of  sound. 

It  is  next  shown  how  to  obtain  the  corresponding  results  for  quadrupole 
singularities  and  how  to  combine  these  to  describe  the  radiation  pattern 
from  convecting  isotropic  turbulence. 
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Thus  the  present  work  is  similar  to  the  high  frequency  work  of  Pao^^^. 
There  are  a  number  of  important  differences,  however,  some  of  which  are:  the 
current  use  of  Lilley's  rather  than  Phillips' (13)  equation  and  the  current 
treatment  of  a  cylindrical  rather  than  a  planar  shear  layer.  The  present 
work  is  also  quite  closely  related  to  the  high  frequency  result  of 
Goldstein(51) ;  however  it  is  felt  that  the  current  results  are  much  simpler, 
more  explicit,  and  more  general. 


4.3.2  Formulation  of  the  Problem 


It  is  assumed  that  physical  space  is  spanned  by  a  stationary  cylindrical 
coordinate  system  (r,  0,  x')  where  x'  is  along  the  jet  axis,  as  shown  in 
Figure  4-26.  Lilley's  equation  is  given  by 

L(p;  u,  x1)  -  c4-  p  -  D[J  Ap  -  (log  c2)Du  |£ 


+  2 


dU 


.3fjL 


dr  9x‘  9r 


p  Dg  V  •  V.(u'u'  -  u  Tu ' ) 


(108a) 


pn  dU  J_ 

'  2p  dr  9x‘  V 


(uV  -  u^u ' ) 


with 


3  3 

D, ,  =  +  U 

U  9t  9x 


and 


A  = 


32 

WT 


32^  1  9_  +  1  32 
9rT  r  9r  r7  90' 


(108b) 


(108c) 


where  t  denotes  time,  p  is  the  acoustic  pressure,  c  =  c(r)  is  the  undisturbed 
speed  of  sound,  U  =  U(r)  is  the  mean  or  time  average  jet  velocity  and  p  =  p(r) 
is  the  mean  jet  density.  The  turbulent  velocity  fluctuations  are  given  by  u' 
and  the  overbar  denotes  an  appropriate  average  (u^.  is  the  radial  component). 
The  solution  to  equation  (108a)  can  be  written  down  formally  as  t  -+  00  provided 
that  the  solution  to 
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•  * 


L(3;  U,  x')  =  e1 


.  6(x*  -  U  t)6(r  -  r  ) 6 ( 0  -  0j 


(109a) 


is  known.  In  equation  (109a) ,  i  =  v^l,  w,  Uc  >  0,  rQ  and  60  are  given  con¬ 
stants  (i.e.,  independent  t,  r,  9  and  x').  Equation  (109a)  simply  defines  a 
Green’s  function.  Actually,  using  the  Galilean  transf ormation  x  =  x’  -  Uct, 
it  is  possible  to  rewrite  (109a)  as 


where 


L(g ;  V,  x)  =  e 


V  =  U  -  U 


-Wt  6^r  -  ro)6(0  -  V 


(109b) 


(109c) 


Thus  the  canonical  problem  to  be  solved  is  equation  (109c)  with  suitable 
radiation  condition  as  /r2  +  x2  -*■  ®.  The  solution  to  equations  (109a  and  b) 
represents  the  pressure  field  of  a  convected  monopole  source.  This  pressure 
field  obeys  Lilley's  equation. 

After  using  the  sequence  of  Fourier  transformations  (110a),  one  finds 
that  equation  (109b)  reduces  to  (110b)  where 


e1u)t  f  -isx  .  ine 


I  IUW  .  J  _ 

dx  e  g  de 


(110a) 


>  '  1 


_oo  <  s  <  oo;  n  =  0,  ±1, 


1 2a  +  fi  +  A  ion(-5-)2  +  — —  M]  d£ 

^7  [r  dr  ,09lcJ  k  -  Ns  drj  & 

.  T (k  -  Ns)2  „2  n2 1  - 

+  '  T2 —  s  -  ~r  9 


-Fj  9 


(110b) 
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with  N  =  V/Coo,  k  =  u/c<x,,  and  Cco  is  the  ambient  speed  of  sound.  Note  that  the 
inverse  Fourier  transformation  of  (110a)  is  given  by 


2vfa 


ao  w 

l  e-1"6  |  e1sx  9 


(111) 


n  =  -  a> 


The  coefficient  of  dg/dr  in  (110b)  can  be  eliminated  by  a  standard 
transformation.  Defining 


p  =  £ - 1 - g 

y  c  -k  +  NS  M 


(110b)  then  reduces  to 


P  + 
rr 


W ' o!]  -  “ 

H  ir  'Pr  , 

+  -  -  2(-f)2  P 

r  \jj  $  if)  ’ 


i  c  1  1 

fa  CI  T1  -  N°) 


-  1/4 


in0o  6(r  -  rQ) 


where  o  =  s/k  and 


.  _  1  -  N  a 
^  ~  c/c 


(112a) 


(112b) 
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For  small  values  of  r,  the  term  (n2  -  1/4)  r~2  dominates  the  left  hand 
side,  (note  that  r~l  <| has  a  removable  singularity  at  r  =  0)  whereas,  for 

kr  >>  1  the  term  k2[ . ]  dominates  since  terms  involving  ii  are  of  order 

(a-2)  by  hypothesis,  and  ka  >>  1.  Thus  the  terms  involving  i[i  con  be  neglected 
for  all  values  of  r  as  long  as  ka  >>  1;  therefore,  (112b)  simplifies  to 


where 


‘I  T,  o) 


1 

F 


,  inO 

1  „  o 

(i'~ Wp' 


/r 


k  =  w/c,,  a  =  s/k,  N  =  (U  -  Uc)/Coo 


(113a) 


;(r;  a) 


and 


(1  -  No)2 


-  a 


(113b) 

The  qualitative  behavior  of  P  depends  on  the  algebraic  sign  of  g2  —  P 
is  "oscillatory"  for  g2  >  0  and  "exponential"  for  g2  <  0.  The  turning  points 
of  g2,  that  is,  the  values  of  r  for  which  g  =  0,  are  next  examined. 


4.3.3  The  Turning  Points 

The  quantity  g2  is  called  the  shielding  function*.  For  given  velocity 
and  temperature  profiles  it  is  a  function  of  the  axial  wave  number  a  *  s/k 
(s  is  the  x-Fourier  transform  variable).  It  is  possible  to  show,  by  using 
the  method  of  stationary  phase  for  evaluating  the  s-integral  in  equation  (111) 
that,  at  each  point  in  the  far  field,  the  pressure  depends  only  on  one  value 
a,  for  example  o*,  where 


cos  0 

1  -  Mc  cos  q 


(114) 


The  far-field  observation  point  makes  an  angle  0  with  respect  to  the  jet 
axis  and  Mc  =  Uc / c^  is  the  convective  Mach  number.  Physically,  equation 
(114)  means  that  most  of  the  sound  that  is  observed  at  a  point  (R,  0)  in  the 
far  field  travels  along  the  line  segment  joining  the  emission  and  observation 
points.  This  line  segment  has  length  R  and  makes  the  angle  0  with  the  jet 
axis.  Thus  (R,  0)  are  really  retarded  coordinates  [Morse  and  Ingard^2^)]; 

*  When  g2  is  positive,  it  may  be  interpreted  as  a  local  "propagation 
constant" . 
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in  jet  noise  they  are  generally  interpreted  as  the  distance  from  the  jet  and 
the  angle  with  respect  to  jet  axis  [Lighthill(^)  ] . 


It  is  also  convenient  to  introduce  an  alternate  shieldingt  function 

g2  =  g2  -  ^  ;  v  =  nA  (ns) 

r 

so  that  is  essentially  the  curly  bracket  in  equation  (113a)  provided  that 
k  -*•  °°  for  (n/kr)  fixed.  Both  G^  and  g2  will  be  used  in  the  analysis. 

It  turns  out  that  when  the  acoustic  Mach  number*  N  =  V/coo  =  (U  -  Uc)/c„> 
exceeds  unity  or  when  the  jet  velocity  or  temperature  profiles  are  nonmono¬ 
tonic,  the  shielding  function,  g2,  may  have  none,  one,  or  two  turning  points 
or  zeros ,  depending  on  the  value  of  the  angle  to  the  jet  axis.  These  possi¬ 
bilities  are  illustrated  schematically  in  Figure  4-27;  the  zeros  or  turning 
points  are  denoted  by  r0.  For  certain  mean  profiles,  one  could  encounter 
more  than  two  turning  points,  however,  for  technologically  relevant  exhaust 
profiles,  no  more  than  two  have  ever  been  found. 

The  illustrations  in  Figure  4-27  show  all  the  turning  points  as  simple 
zeros.  Clearly  somewhere  between  0  =  90°  and  70°,  a  situation  exists  in 
which  the  shielding  function  is  nonnegative  and  has  a  double  zero.  Similar 
pathological  cases  may  exist  for  other  values  of  the  angle  0.  Also,  the 
axis  r  =  0  is  a  particularly  rich  source  of  mathematically  interesting  alter¬ 
natives.  These  rather  specific  situations  are  not  treated  here;  they  are 
briefly  discussed  by  Balsa(49). 

It  is  assumed  that  the  turning  points  are  simple  and  well  separated. 

This  means  that  the  distance  between  the  axis  and  a  turning  point  or  the 
distance  between  two  consecutive  turning  points  is  at  least  one  wavelength. 

In  the  strict  asymptotic  sense,  as  the  frequency  id  -+  °°,  one  should  have  no 
difficulty  in  meeting  these  criteria,  except  perhaps  in  certain  narrow  regions 
of  width  of  order  (<d“1)  0. 

As  pointed  out  above,  the  radial  location  of  the  source,  rG,  is  arbi¬ 
trary.  The  specific  form  of  the  solution  depends  on  the  relationship  between 
the  turning  points  and  the  radial  coordinate  of  the  source.  There  are  six 
equivalence  classes  of  problems;  these  are  designated  as  @  ,  (2)...  in 
Figure  4-27.  The  dashed  vertical  lines  indicate  the  possible  locations  of 
the  source.  As  long  as  r0  <  ra,  the  solution  will  be  qualitatively  and 
physically  similar  to  that  of  Problem  (2)  .  Similar  remarks  apply  to  the 
other  situations.  In  the  following,  detailed  solutions  will  be  given  for 
each  of  these  possible  alternatives. 


For  subsonic  (N  <  1) 


round  jets  one  encounters  at  most  one  turning  point. 


t  See  footnote  on  page 
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4.3.4  No  Turning  Points  -  Problem  (l) 

The  treatment  of  the  case  for  which  g2  has  no  turning  points  is  the 
easiest  because  algebraic  details  are  at  a  minimum  and  the  solution  resem¬ 
bles  quite  closely  that  of  the  classical  wave  equation. 

The  key  point  is  to  observe  that  the  homogeneous  version  of  equation 
(113a)  has  solutions  of  the  form  (£/g)^'^  Cn  (k£)  where  Cn  is  any  Bessel 
function  of  order  n  and 


(116) 


Thus  one  writes, 


on  either  side  of  the  source. 


B(C/g)1/2Jn  (kO  r  <  ro 

A(£/g)1/2Hn(1)  (kO  T  >  rQ 


(117) 


where  Jn  is  the  Bessel  function  of  first  kind  and  Hj,  is  the  Hankel  func¬ 
tion,  so  that  P  satisfies  the  finiteness  and  radiation  conditions  at  r  =  0,  °» 
respectively,  as  required. 

The  constants  A,  B  are  determined  by  imposing  that  P  is  continuous  across 
the  source  location,  r0,  and  that  dP/dr  jumps  by  an  amount  e  where 


t 


1 

(i  -  V)2 


(118) 


The  last  result  can  be  obtained  by  integrating  equation  (113)  across  a  narrow 
region  that  includes  the  point  r  =  rQ.  The  subscript  "o"  denotes  the  value 
of  a  quantity  evaluated  at  the  location  of  the  source;  c0  *  c(r0),  etc. 

Solving  for  these  constants  and  substituting  them  into  equation  (117) , 
one  finds  for  r  >  rQ 
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p  =  — 

2i 


1/2 

<r> 

6o 


1/2 


H 


(1) 


(kOJn  (kCD) 


(119) 


It  should  be  emphasized  that  all  of  these  results  are  valid  only  at  high 
frequencies  (k  =  ui/ca,  -*•  °°) .  At  lower  frequencies,  additional  terms  are  pres¬ 
ent;  here,  these  are  discarded  because  they  are  asymptotically  small. 

From  here  on,  the  calculation  of  the  Green's  function  is  extremely 
simple.  First  g  is  abtained  from  equation  (112)  and  then  g  is  obtained  from 
equation  (111).  An  intermediate  result  is 
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The  above  infinite  sum  is  evaluated  by  the  addition  theorems  for  Bessel 
functions  [Magnus(53)]  anc[  the  a  -  integral  is  evaluated  by  the  method  of 
stationary  phase  [Carr ier ( 31) ] .  The  final  result  is,  as  the  observation 
point  recedes  to  infinity, 


C  /c 
o  0 


4ttc  kR  r  g 

oo  (1  -  M  cos0)  o. 


C0  1/2 


iw  (R/c^  -  t) 
x  e  exp 


oo 

^ik  [  j  (g  -  gjdr  -  SQcos  (e  -  eQ)]^ 


(121) 


where  c«,  is  the  speed  of  sound  at  infinity,  k  =  us/c^  and  go>  is  the  value  of 
g  at  infinity.  Note  that  M0  =  U(r0)/cc»  is  the  jet  Mach  number  at  the  location 
of  the  source.  It  should  be  noted  that  functions  of  the  axial  wave  number, 
o,  are  to  be  evaluated  at 
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(122) 


_  _  COS  n 

a  a*  1  -  M  COSG 

c 

where  a*  Is  the  point  of  stationary  phase.  In  particular, 

(~)  ^  (1  -  M  COS  0)^  -  COS^  0 

g2  =  „ _ - _  (123a) 

(1  -  Mc  cos©)^ 


where  M  =  U(r)/coot  c  =  c(r),  Mc  =  Uc/c„,  and 


r 

r  o 

? o  -  J  gdr 

o 


(123b) 


Note  that  the  far-field  Green's  function  decays  inversely  with  distance 
R;  it  has  a  convective  amplification  factor  of  (1  -  M0  cosO)-^  where  M0  is 
proportional  to  the  jet  velocity  (not  to  the  source  convective  velocity);  it 
depends  explicity  on  the  square  root  of  the  absolute  temperature  at  the 
source  cQ  -  ,  and  it  depends  implicity  on  jet  temperature  and  velocity 

through  functions  gQ  and  £0- 

The  phase  delay  R/c«,  represents  the  travel  time  from  the  origin  of  the 
convecting  coordinate  system  to  the  observation  point,  and  the  additional 
phase  terms  in  equation  (121)  represent  a  correction  to  account  for  the  fact 
that  the  signal  comes  from  point  x  =  0,  r  =  rD  and  9  =  0O  and  not  from  the 
origin  (x  ■  r  *  0) .  To  see  this,  consider  the  Lighthill  theory  (M  ■  0, 
c/co,  =  1),  so  that,  from  equation  (123a) 
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00 
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where  z,  •  z,Q  are  the  transverse  coordinates  of  the  observation  point  and  the 
source~respectively .  In  this  special  case,  the  actual  time  delay  is  [R  - 
C  •  ^o/R  (1  -  Mc  cosO)]/c„,;  a  classical  result  that  is  well  known.  In  the 
presence  of  mean  flow,  the  time  delay  is  somewhat  different  from  the  classi¬ 
cal  results.  This  is  because  the  signal  propagates  along  curved  rays  rather 
than  straight  lines  between  the  source  and  the  observer. 

The  final  expression  for  the  Green's  function  (121)  is  certainly  ex¬ 
tremely  simple.  An  alternate  expression,  although  more  complex,  will  now  be 
derived  because  the  approach  developed  below  will  be  needed  later  on;  it  is 
also  the  method  used  by  Coldstein(51) . 

The  key  observation  is  that  the  governing  radial  equation  for  P 


Prr  +  k2G2P  =  ?  ;  G2  =  g2  -  (n/kr)2  (125) 


can  also  be  solved  by  the  WKBJ  technique  [Carrier^)].  When  g2  is  positive 
for  all  values  of  r,  G2  may  be  positive  or  negative,  depending  on  the  magni¬ 
tude  of  the  "circumferential  harmonic"  n/kr  =  v/r.  It  is  well  known  that,  at 
high  frequencies,  the  most  important  contribution  to  P  comes  from  those  values 
of  (v/r)  for  which  the  shielding  function  G2  js  positive  at  the  source  (i.e., 
G0  >  0);  this  contribution  is 
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and  rav  •  rQ  is  the  unique  zero  of  G2.  Note  that  the  subscript  "o"  again 
represents  the  value  of  a  function  at  the  location  of  the  source  (e.g., 

I"1"0 

au  =  J  G  d  r)  and  i  is  given  by  equation  (118). 
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where  =  -  Mc  is  the  value  of  N  at  infinity.  In  the  far  field  as 
k  (x2  +”r2)l/2  -+  oo  equation  (127)  becomes,  by  the  method  of  stationary 
phase , 
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A  comparison  of  equation  (128)  and  (121)  provides  the  value  of  the 
series  in  (128);  this  value  will  be  needed  in  the  following  analysis. 
Actually,  it  is  possible  to  evaluate  the  sum  directly  by  replacing  it  by  an 
integral  and  then  evaluating  the  latter  by  the  method  of  stationary  phase. 
The  anlaysis  is  quite  simple  and  explicit  for  g2  =  constant  =  g2,  where  it 
is  found  that 
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as  k  -*■  The  major  contribution  to  the  sum  comes  from  the  vicinity  of 

V  =  n/k  =  g  r  sin  (e  -  e)  (129b) 

OO  U  ” 

The  solution  given  by  Goldstein^l)  js  in  the  form  of  an  infinite  series 
(128);  but  the  series  can  also  be  evaluated  to  obtain  the  simple  closed  form 
result  given  by  equation  (121).  Equation  (126a)  is  related  to  the  Debye 
expansion  of  Bessel  functions  [Abramowitz  and  Stegun(34) ] _ 


4.3.5  One  Turning  Point  -  Problem  (2) 

Consider  next  the  problem  in  which  the  shielding  function,  g2,  has  a 
unique  turning  point  at  r  =  ra  so  that  r0  >  rD.  The  solution  for  P  can  again 
be  written  down  as  linear  combinations  of  Bessel  functions  for  r  <  r0.  The 
only  point  to  note  is  that  now  the  appropriate  solutions  of  the  homogeneous 
version  of  equation  (113a)  are  modified  Bessel  functions  In  (k£)  and  (kO , 
where 


r  <  r 

a 


and  g^  =  -f^.  Thus  f^ 
For  definiteness. 


is  positive  whenever  g2  is  negative, 
it  is  required  that  P  have  the  form 
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(c/f)1/2  f  BIn  (k  0  +  CKn(kC)]  rQ<  r<  ra 


(131a) 

(131b) 


so  that  P  is  finite  on  the  axis.  Across  the  source  location,  rD,  the  con¬ 
tinuity  of  P  and  the  jump  in  dP/dr  determine  two  of  the  three  constants,  A, 

B,  and  C.  The  modified  Bessel  functions  in  equation  (131b)  are  then  expanded 
in  their  Hankel  asymptotic  forms  (k  {;**•",  n  fixed)  to  obtain  real  exponential 
functions  of  positive  and  negative  arguments. 
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These  exponentials  are  matched  to  trigonometric  functions  (i.e.,  to  ex¬ 
ponentials  of  imaginary  argument)  across  the  turning  point  by  use  of  the 
classical  WKBJ  turning  point  conditions  [Carrier (31) ] .  For  r  >  r0,  only  out¬ 
going  waves  can  be  present;  this  additional  constraint  determines  coefficients 
A,  B,  and  C  uniquely. 


The  solution  for  the  transform  of  the  Green's  function  is,  as  k£*  -*■  », 
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and  c  again  given  by  equation  (118).  The  mathematical  resemblance  between 
equations  (132)  and  (119)  is  very  close,  especially  if  the  Hankel  function  in 
the  latter  is  expanded  for  large  values  of  its  argument.  In  fact,  equation 
(132)  could  have  been  obtained  from  equation  (119)  by  a  suitable  analytic 
continuation. 

Nevertheless  there  are  important  physical  differences.  The  phase  factor 
in  equation  (119)  (apart  from  some  unimportant  constants)  is  essentially 
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On  the  other  hand,  the  phase  of 

equation  (132)  is 

essentially 
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(133b) 
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and  it  appears  that  the  first  contribution  to  the  integral  in  equation  (133a) 
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f  0 

has  been  converted  into  the  real  exponential  exp  (-k£0)  =  exp  (-k  J  f  d  r) . 

o 

This  point  will  be  discussed  further  in  the  following  paragraphs. 

The  Fourier  inversion  of  P  can  be  explicitly  carried  out  by  the  method  of 
stationary  phase  and  the  resultant  infinite  series  in  the  circumferential 
harmonics  can  be  evaluated  by  another  addition  theorem  for  Bessel  functions. 

The  final  result  for  the  Green's  function  is 
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where  the  above  is  to  be  evaluated  at  o  =  a*  equation  (122). 

After  comparing  the  expressions  corresponding  to  the  two  cases  treated 
so  far  (i.e.,  zero  and  one  turning  point)  one  sees  that,  when  a  turning 
point  is  present  and  the  source  lies  in  the  negative  region  of  the  shielding 
function,  the  ratio  of  the  amplitudes  of  the  two  Green’s  functions  (i.e.,  the 
ratio  of  the  far-field  pressures  generated  by  convecting  point  sources)  is 
proportional  to 

exp  ^  -k  [  -  Cq  cos  ( f  -  eo)]J 

The  geometric  interpretation  of  the  argument  of  the  above  exponential  easily 

r 

follows  in  (f, ,  0)  space  (f,  =  J  f  dr). 


*  Figure  4-28  shows  that  the  exponential  damping  (or  "attenuation")  of  the 

f  signal  is  proportional  to  kd  =  u  d/coo,  where  d  is  some  effective  distance  of 

:  ;  fluid  surrounding  the  source.  Thus,  the  deeper  the  source  is  embedded  in  the 

ljJ  jet  and  the  higher  is  its  frequency,  the  smaller  will  be  its  pressure  ampli¬ 

tude  in  the  far  field.  Roughly  speaking,  this  dimunition  of  the  far-field 
acoustic  pressure  is  a  direct  consequence  of  acoustic  shielding.  It  is  also 
l.  observed  that  shielding  depends  on  jet  velocity,  temperature,  and  observer 

'  angle  0  through  the  function  f. 
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Figure  4-28.  Geometry  of  Acoustic  Shielding  in  Modified  Transverse  Plane  (%,  9). 
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It  is  also  worthwhile  to  obtain  a  representation  of  the  solution  by  the 
WKBJ  technique  directly  applied  to  equation  (113a).  The  function  G  has  a 
unique  zero  at  r  =  rov  where  rov  >  r0.  At  the  location  of  the  source  r  =  rD, 
G2  =  G2  is,  of  course,  negative.  Writing  F2  -  -  G2  for  negative  values  of 
G2,  one  obtains  following  Goldstein(51) 
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The  Green's  function  in  the  far  field  reduces  to 
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The  last  result  can  be  obtained  from  equation  (128)  by  comparing  (135a)  and 
(126a).  Again  functions  of  o  in  equation  (136)  are  to  be  evaluated  at  the 
point  of  stationary  phase. 

Consider  next  the  evaluation  of  the  infinite  sum  in  (136).  It  would 
first  appear  that  most  of  the  contribution  to  the  sum  comes  from  small  values 
of  (n/kr) ,  so  that,  with  the  exception  of  the  exp  [in  (6Q  -  6)]  term,  it  is 
possible  to  set  n  to  zero.  This  is  because  the  larger  and  larger  circum¬ 
ferential  harmonics  are  attenuated  more  and  more  severely  by  the  real  exponen¬ 
tial  factor  whose  argument  is  proportional  to  the  (large)  frequency.  This 
analysis  says  that 
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so  that  all  the  radiation  takes  place  in  the  9  =  0O  direction;  the  "amplitude" 
in  that  direction  is  reduced  by  a  certain  integral  of  the  shielding  function 
f2  =  -g2.  While  this  result  is  inadequate  for  the  radiation  from  a  point 
source  because  all  the  energy  is  channeled  into  a  very  narrow  region  about 
the  point  0  =  0Q  (hence  the  amplitude  becomes  infinite),  it  is  reasonably 
adequate  for  a  ring  source  in  a  jet.  This  is  obtained  by  integrating  the 
Green's  function;  from  equation  (136)  one  finds 
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as  k£0  ■+■  <*>.  The  factors  of  proportionality  in  equation  (137)  are  identical. 
Note  that  the  last  result  is  obtained  by  noting  that  exp  [kf;o  cos  (6  -  0O) ] 
is  the  generating  function  of  the  modified  Bessel  function  In.  Thus  the 
crude  summation  proposed  above  gives  the  correct  result  for  a  ring  source; 
alternatively,  it  gives  the  correct  value  for  the  circumferentially  averaged 
radiation  field.  A  comparison  of  equation  (13b)  and  (134)  also  shows  the 
more  exact  value  of  the  infinite  series  in  question. 


A. 3.6  Two  Turning  Points  —  Problem  Q) 

>2)  Consider  now  the  case  in  which  there  are  two  turning  points  at  r^l)  and 
r^  ,  so  that  r^'  <  r^2)  and  r^-*-)  >  rQ.  In  this  situation,  there  are  four 
distinct  regions  in  which  the  solution  for  P  must  be  considered.  On  either 
side  of  the  source  one  has  expressions  similar  to  equation  (131)  except  that 
the  modified  Bessel  functions  In  and  Kn  are  replaced  by  Jn  and  Yn,  respec¬ 
tively,  and  f  is  replaced  by  g  in  the  definition  of  £.  Across  the  source 
location,  rQ,  the  usual  two  conditions  are  imposed;  two  applications  of  the 
WKBJ  turning  point  conditions  and  the  Sommerfeld  radiation  condition  render 
the  solution  unique. 

The  s  or  a  integral  is  again  evaluated  by  the  method  of  stationary  phase 
and  the  infinite  sum  is  obtained  from  a  suitable  addition  theorem  for  Bessel 
functions.  The  details  follow  the  ideas  developed  in  the  previous  section; 
the  final  result  for  the  far-field  Green's  function  is 


i  co/c- 

4”C.  kR  (1  -  M  COSO)  ro6o 


iu>(R/c  -  t) 

oo 

x  e  exp 


*  / 

'  J2) 


(g  -  g  J  dr  -  Ik  g  e 

“  a  J 


ur  (1’2) 

_kf;~  (138a) 


x  sin  [  k  C  cos  («  -  o  )  +  k  C  ^  1/sin  (2k  K 
L  o  o  o  1  a 


where 


I 


g  dr 


(138b) 


118 


(1,2) 


g  dr 

(2) 
r'  ' 
a 

f  dr 


(138c) 


(138d) 


Several  observations  are  in  order.  First  the  reduction  in  the  amplitude 
of  the  far-field  Green's  function  is  proportional  to  exp  ^' ]  where 

is  the  integral  of  the  square  root  of  the  negative  of  the  shielding 
function  between  the  two  turning  points.  Because  of  this,  the  far-field 
pressure  is  relatively  insensitive  to  the  location  of  the  source;  similar 
results  were  found  for  a  slug  flow  annular  jet  when  the  source  was  placed 
in  the  zero  velocity  region  in  the  center  of  the  jet.  More  interestingly, 
however,  the  solution  shows  the  existence  of  resonances  whenever 
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where  X  =  2n  c^/w  is  the  wavelength  of  radiation.  The  first  resonance  occurs 
when  the  effective  distance  between  the  axis  and  the  first  turning  point  is 
one-quarter  wavelength;  this  condition  is  analogous  to  the  classical  resonance 
condition  for  an  open-closed  tube.  There  is  also  a  possibility  for  a  perfect 
null  in  the  far  field  whenever 
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4.3.7  Two  Turning  Points  —  Problem  © 

Consider  again  the  case  in  which  the  shielding  function  has  two  turn¬ 
ing  points,  but  this  time  the  source  is  located  in  between  them.  This  prob¬ 
lem  will  be  solved  by  an  application  of  the  classical  WKBJ  technique.  Thus 
the  alternate  shielding  functions  and  -  -G^  will  be  used.  The  geometry 
is  elaborated  in  Figure  4-29. 


/  ' 


119 


Assume  first  that  (n/kr)  =  (v/r)  is  so  small  that  G2  =  g2  -  (v/r)2 
has  three  turning  points  at  r^3'  ,  r^2)  and  rav'  Clearly  the  source  must 
lie  between  r^2'  and  r(3).  There  are  altogether  five  regions  in  which  the 
transform  of  tKe  Greenes  function  must  be  considered.  These  are  r  <  r^l' , 
raV  K  r  <  ral)  <  r  <  rG,  rD  <  r  <  r£3>  and  r<3'  <  r.  In  each  of 

these  regions,  the  solution  is  written  as  an  exponential  function  (with 
real  or  imaginary  argument)  according  to  the  WKBJ  procedure  [Carrier' 

The  matching  of  these  solutions  across  the  turning  points  and  the  source, 
and  the  requirement  of  outgoing  waves  for  large  values  of  the  radial  vari¬ 
able,  render  the  solution  unique.  This  is  given  by,  for  r  <  r^33 , 
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For  larger  values  of  (v/r), 

(see  Figure  4-29).  In  this  case, 

r  >  r_ 
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there  is  only  one  turning  point  at  r  =  rov 
the  solution  is  considerably  simpler  for 
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because  there  are  fewer  regions  to  consider.  The  quantity  e  is  given  by 
equation  (118). 

Consider  now  equation  (139a).  At  high  frequencies,  the  exponential 
factors  8  and  y  are  vanishingly  small.  These  factors  are  multiplied  by 
a  =  tan  k  (•)  which  may  become  large,  so  that  the  factors  ag  and  ay  may  be 
of  order  unity  in  certain  narrow  regions.  These  regions  could  be  classified 
as  resonances;  they  are  ignored  in  the  present  analysis.  As  discussed  pre¬ 
viously  (see  Section  4.3.3),  the  current  analysis  does  not  take  into  account 
the  behavior  of  the  pressure  in  certain  singular  or  nonuniform  regions. 

These  regions  exist  in  the  present  mathematical  model  but  are  thought  to  be 
unimportant  for  the  physics  of  high  velocity  jets.  Thus  equation  (139a) 
essentially  reduces  to  (140).  In  an  asymptotic  sense  there  is  only  one 
solution  [i.u.,  (140)]  which  is  independent  of  the  number  of  turning  points 
or  the  value  of  (v/r)  . 


It  is  worthwhile  to  discuss  the  asymptotic  equivalence  of  (139a)  and 
(140)  from  another  point  of  view.  Physically,  one  would  expect  the  solution 
to  depend,  at  high  frequencies,  only  on  the  conditions  (i.e.,  jet  velocity 
and  temperature)  between  the  source  and  the  far-field  observer.  This  is 
clearly  shown  by  equation  (140)  in  which  the  dependence  on  the  shielding 
function  enters  only  for  r  >  rQ.  Conversely,  from  equation  (139a),  it  is 
seen  that  values  of  the  shielding  function  for  r  <  rc  affect  the  solution 
exponentially  weakly.  In  other  words,  the  dominant  part  of  the  radiation 
arrives  directly  from  the  source  (rather  than  from  multiple  reflections  from 
the  shear  layer).  In  any  case,  the  appropriate  solution  of  this  section, 
equation  (140),  is  identical  to  (135a)  of  Section  4.3.5,  so  that  the  analysis 
here  need  not  be  carried  any  further. 
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These  two  problems  generate  a  number  of  possibilities  which  are  all 
asymptotically  equivalent.  The  dominant  contribution  to  the  solution  comes 
from  those  values  of  (v/r)  for  which  G2  is  positive  at  the  source.  The 
shielding  function  G2  will  have  a  number  of  turning  points  at  r  <  rQ.  From 
the  preceding  section  it  was  noted  that  only  the  turning  point  nearest  to 
the  source  affects  the  solution  significantly;  the  effect  of  the  other  (if 
any)  turning  points  is  exponentially  weak.  The  solution  is 
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where  rQV  is  the  nearest  zero  of  G2  to  r0  (r  <  r0).  This  representation  of 
the  solution  agrees  with  equation  (126a),  and  the  results  for  the  Green's 
function  follow  from  (121). 


4.3.9  Interpretive  Remarks 

This  concludes  the  formal  derivation  of  the  expressions  for  the  far- 
field  Green's  function  under  the  assumed  behavior  of  the  shielding  function. 
Although  a  priori,  there  were  six  classes  of  problems,  three  of  these  were 
found  to  be  redundant  in  the  sense  that  they  reduced  to  one  of  the  other 
classes.  Thus,  the  solutions  to  problems  ®  ,  (2)  ,  and  (3)  generate  all  the 
required  results. 

The  main  point  to  be  made  is  that,  when  the  shielding  function  g2  is 
negative  in  a  region  R  between  the  source  and  the  observer,  the  far-field 
pressure  is  exponentially  small.  The  argument  of  this  exponential  is  pro¬ 
portional  to  the  source  frequency  and  to  the  width  of  this  region  R.  The 
presence  of  this  (real)  exponential  is  a  direct  consequence  of  acoustic 
shielding,  i.e.,  the  source  does  not  communicate  directly  with  the  ambient, 
but  radiates  through  a  high  velocity  and  high  temperature  jet. 

It  would  be  convenient,  following  this  comprehensive  discussion  of  the 
nature  of  the  solutions  to  the  fundamental  acoustic  shielding  equation  (as  a 
function  of  the  number  of  turning  points  of  the  shielding/propagation  function 
g2),  to  be  able  to  provide  simple  formulae  or  criteria  by  which  the  number  of 
these  turning  points  can  be  generally  determined.  Unfortunately,  due  to  the 
dependence  of  g2  on  the  local  jet  velocity  and  temperature  profiles  and  the 
far  field  radiation  angle  of  interest,  no  simple  substitute  has  been  found  for 
the  need  to  actually  compute  g2  (r)  and  hence  determine  the  number  of  turning 
points.  This  procedure  can  be  readily  computerized,  and  indeed  is  a  part  of 
the  computer  program  contained  in  the  supplement  to  this  report.  For  simple 
exhaust  flows  such  as  the  conical  nozzle  flow,  one  can  say  that,  within  the 
zone  of  silence,  one  turning  point  will  occur,  and  none  will  occur  outside 
the  zone  of  silence.  For  more  complex  exhaust  flows,  especially  with  inverted 
flows,  no  such  simple  result  can  be  stated. 
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4.3.  10  Pressure  Field  of  Converted  Singularities 
The  solution  of 
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is  required,  where  5  mav  he  thought  of  ns  a  pressure  source  in  analogy  with 
the  classical  wave  equation.  After  evaluating  the  derivatives  on  the  right 
hand  side,  it  is  found  that  the  forcing  term  in  equation  (142)  reduces  to 
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where  <5 '  is  the  derivative  of  the  6  -function.  Thus,  S  is  expressible  in  terms 
of  i  and  3p/3x'.  Tn  fact, 
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It  is  now  observed  that  the  coefficients  of  the  Lilley  operator  are 
independent  of  x',  rQ  and  0  .  Thus,  any  derivative  (with  respect  to  x' ,  rQ 
or  0())  of  the  1 1- f t  hand  side  of  equation  (142)  is  directly  transferable  to 
5.  Similarly,  these  differentiations,  when  applied  to  the  right  hand  side, 
yield  higher  order  singularities.  These  singularities  model  the  various 
dipole  and  quadrupole  solutions  of  Li  1  ley's  equation.  For  example,  a  suitable 
Linear  combination  of  *5/ >r0  and  15/30O  produces  a  transverse  dipole,  and 
■5/3r0  represents  an  r-dipole. 
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The  objective  now  is  to  derive  the  expressions  for  the  quadrupoles  that 
will  be  used  in  the  prediction  of  jet  noise.  The  procedure  is  outlined  below 
for  the  v-dipole,  Vy : 
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where  yc,  is  the  y-component  of  the  source  coordinate.  Next  the  magnitude  of 
l)y  is  calculated  from  equations  (144b,  121);  this  is  then  averaged  circum¬ 
ferentially  with  respect  to  0o  and  0.  If 
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where  |*|  denotes  the  magnitude  of  a  (complex)  quantity,  then  it  follows 
from  equations  (121)  and  (144b)  that 
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g  dr 


The  subscript  "o"  denotes  the  value  of  a  quantity  at  the  location  of  the 
singularity  r  =  rQ. 

A  similar  expression  arises  from  Problem  (2)  in  which  there  is  a  turning 
point.  In  the  latter  case,  however,  there  is  at  least  one  difficulty  that 
immediately  occurs  in  connection  with  the  expression  for  the  pressure  field 
of  a  dipole  and  other  singularities.  When  the  singularity  is  near  to  the 
turning  point,  fQ  +  0  so  that  ay  -»•  <*>.  This  is  physically  unrealistic  and  is 
a  direct  failure  of  the  present  theory.  The  difficulty  arises  because  the 
source  is  now  too  close  to  the  turning  point  (i.e.,  the  distance  between 
source  and  turning  point  is  less  than  a  wavelength)  so  the  parameter  k6  is 
no  longer  small,  where  6  is  the  separation  between  the  source  and  turning 
point.  There  is  a  rigorous  mathematical  procedure  for  circumventing  this 
difficulty;  however,  it  leads  to  great  complexity.  A  much  simpler,  albeit 
approximate,  physical  approach  for  resolving  the  problem  was  taken.  If  a 
dipole  is  situated  in  the  vicinity  of  the  jet  axis,  or  if  g  is  a  slowly  vary¬ 
ing  function  of  r  (i.e.,  approximately  a  constant),  the  last  factor  in 
equation  (146a)  reduces  to  unity.  This  suggests  ignoring  the  last  factor 
even  in  a  more  general  case.  This  approximation  is  adopted  in  this  section 
to  obtain  the  simplest  possible  results. 

An  alternate  way  to  look  at  this  approximation  is  to  note  that  the 
precise  location  of  the  source  is  important  only  for  the  calculation  of  the 
exponential  (i.e.,  rapidly  varying)  shielding  factor;  the  precise  location 
of  the  source  is  unimportant  for  the  calculation  of  certain  other  quantities. 
Thus,  those  latter  quantities  may  be  approximated  by  assuming  that  the  source 
lies  on  the  axis  of  the  jet.  In  this  case  it  is  found  that 
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where  it  is  emphasized  that  equation  (146b)  is  valid  for  the  case  in  which 
g2  has  no  turning  points  (i.e..  Problem  (T)  ) • 

The  circumferentially  averaged  far-field  pressure  of  a  convecting  ring 
of  y-dipoles  is  proportional  to  the  square  of  the  frequency  and  is  inversely 
proportional  to  the  local  temperature  at  the  singularity.  There  is  a  con¬ 
vective  amplification  of  (1  -  MQ  cosO)~^  due  to  the  jet  velocity  and  a 
"classical"  convective"  amplification  of  (1  -  Mc  cosO)-^  due  to  source  con¬ 
vection.  This  is  because  the  shielding  function  itself  has  a  convective 

j  o 

amplification  of  (1  -  Mc  cosO)-  . 

The  various  quadrupole  solutions  are  now  summarized.  Defining 
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The  following  quadrupole  solutions  can  be  derived: 


Problem  (T) 
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Problem  (2) 
Defining 
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To  obtain  equation  (149)  it  has  been  assumed  that  the  modified  Bessel 
function  In  (x)  can  be  approximated  by  (1  +  2v  x)-^^  eXp  (x)  for  an  values 
of  x.  The  error  in  this  approximation  does  not  exceed  10%. 

These  results  for  Problem  (2)  reveal  an  interesting  effect.  For  quad- 
rupoles  situated  in  the  vicinity  of  the  jet  axis,  y  ~  1,  whereas  for  quad- 
rupoles  far  from  the  axis,  y  '  k1/2  >>  1.  As  the  radius  of  the  ring  of 
quadrupoles  increases,  the  exponential  shielding  factor  (149a)  generally 
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decreases.  However,  the  above  variation  in  y  tends  to  reduce  the  far-field 
pressure,  or  equivalently,  increase  the  effective  shielding. 

Referring  to  Figure  4-28,  as  the  individual  members  of  the  ring  are 
moved  towards  the  jet  boundary,  the  shielding  of  those  quadrupoles  that  lie 
in  the  vicinity  of  the  angle  0  decreases.  On  the  other  hand,  the  shielding 
of  those  quadrupoles  that  lie  in  the  vicinity  of  (0  +  tt)  will  increase.  The 
net  result  for  shielding  of  a  ring  of  quadrupoles  is  a  decrease  due  to  the 
exponential  factor  but  an  increase  due  to  the  factor  y.  This  variation  in 
y  was  found  to  be  fairly  important  for  jet  velocities  under  1000  fps  but 
totally  unimportant  for  higher  velocities.  In  this  report,  y  will  be  set  to 
unity. 

Problem  (3) 

These  results  are  the  same  as  those  of  Problem  (l)  except  the  expressions 
are  multiplied  by  the  exponential  shielding  factor 


exp 


(  -2k 


f  dr) 


Problem  @ 


The  results  are  the  same  as 


those  of  Problem  (2)  except 


6  =  exp  (  -2k 


f  dr) 


Also  y  is  set  to  unity  as  discussed  under  Problem  (2) . 

Problems  (jj)  and  (6) 

These  results  are  identical  to  those  of  Problem  (T)  . 

This  concludes  the  derivation  of  the  circumferentially  averaged  pressure 
field  of  a  ring  of  incoherent  quadrupoles.  It  should  be  emphasized  that  this 
derivation  is  not  perfectly  rigorous;  difficulties  arise,  for  example,  when 
the  source  is  too  close  to  the  turning  point.  The  present  work  suggests  a 
reasonable  approach  to  handle  these  difficulties.  It  is  believed  that  the 
final  expressions  of  this  section  are  accurate  enough  for  use  in  the  predic¬ 
tion  of  jet  noise. 
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To  predict  the  directivity  of  noise,  the  pressure  field  of  the  various 
quadrupoles  must  be  combined  in  a  specific  manner  to  represent  the  radiation 
pattern  from  convecting  and  isotropic  turbulence.  The  work  of  Ribner(39) 
provides  these  weighting  factors  as 
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where  is  the  mean  square  acoustic  pressure  in  the  far  field.  The  factor 
of  proportionality  in  equation  (150)  is  related  to  the  intensity  of  turbu¬ 
lence,  as  such,  it  comes  from  an  aerodynamic  mixing  calculation.  The  de¬ 
tailed  coupling  of  jet  aerodynamics  and  acoustics  is  described  in  Section 
4.7.  Observe  that  equation  (150)  was  also  used  very  successfully  by 
Mani(37,  38)  hfg  prediction  of  round  jet  noise. 

Ribner  derived  (150)  for  Lighthill's  equation.  It  turns  out  that  for 
Lilley's  equation  (150)  is  essentially  correct  only  for  Problems  CD  ,  (5)  , 

©  ,  and  (6)  ;  in  other  words,  only  when  the  shielding  function  g2  is  positive 
at  the  source.  In  this  case,  all  the  quadrupoles  contribute  to  the  noise. 

When  the  shielding  function  is  negative  at  the  source  (i.e.,  Problems 
(2)  and  (§)  ) 


and  the  dominant  contribution  to  the  far-field  pressure  comes  from  an  (x  -  x) 
quadrupole.  The  derivation  of  this  result  is  quite  lengthy  and  will  not  be 
reproduced  here.  Suffice  to  say  that  Pao(^5)  finds  exactly  the  same  result 
for  Phillips'  equation.  Roughly  speaking,  the  reason  is  that  the  time  delay 
is  associated  only  with  the  x-location  of  the  source.  There  is  no  time 
delay  due  to  the  radial  location  of  the  source  since  equation  (13A)  contains 
no  phase  factor  depending  on  this  quantity. 

For  example,  for  Problem  (T) ,  (150)  becomes 


»k-  »  -mocos9)‘ 

(c  /c  )  (1  -  M  COSO)  4 

O  00  C 


(152) 


so  that  the  unshielded  far-field  pressure  is  expected  to  be  amplified  by  three 
powers  of  the  Doppler  factor.  This  is  determined  from  (152)  and  the  defini¬ 
tion  of  ct(147)  and  the  correction  of  one  Doppler  factor  as  given  be  Ffowcs- 
Williams(6),  This  fairly  low  convective  amplification  is  generally  observed 


in  jet  noise  outside  the  zone  of  relative  silence  Balsa(47»  49).  Within  the 
zone  of  silence  the  convective  amplification  becomes  seven  powers*  of  the 
Doppler  factor  (This  is  determined  from  (151),  (123a),  (148a)  and  (147)). 

At  low  frequencies,  this  large  amplification  remains,  whereas,  at  high  freq¬ 
uencies,  acoustic  shielding  tends  to  reduce  the  far-field  sound  pressure 
level,  consistent  with  the  actual  behavior  of  jet  noise  directivities  at 
fixed  source  frequencies. 


4.3.12  Conclusions 


Expressions  have  been  derived  to  predict  the  directivity  of  jet  noise 
for  arbitrary  jet  velocity  and  temperature  profiles.  The  present  theory 
combines  the  classical  ideas  of  Lighthill,  Ribner,  and  Ff owcs-Williams  with 
those  of  Mani  to  provide  simple  results  for  the  estimation  of  acoustic 
shielding. 

It  is  found  that  due  to  fluid  (rather  than  source)  convection  there  is 
additional  convective  amplification  that  depends  on  the  jet  velocity  at  the 
source.  The  total  convective  amplification  of  an  eddy  can  vary  from  three  to 
seven  powers  of  the  Doppler  factor  depending  on  the  angle  to  the  jet  axis. 

At  high  frequencies  and  shallow  angles  to  the  jet  axis,  the  sound  in  the  far 
field  is  greatly  reduced.  This  is  attributed  to  the  shrouding  effect  of  the 
mean  flow. 

Outside  the  zone  of  silence,  jet  noise  varies  as  the  third  power  of  the 
average  jet  density  [see  equation  (152)].  Within  the  zone  of  silence,  the 
noise  is  explicitly  proportional  to  the  density.  However,  there  is  also  an 
implicit  dependence  through  the  exponential  shielding  integral. 

Finally,  these  acoustic  results  have  been  coupled  with  the  calculation 
of  the  turbulent  properties  of  jets  to  provide  an  absolute  prediction  of 
noise;  this  is  presented  in  Section  4.7.  In  all  of  this  development  only 
the  self-noise  is  considered,  for  reasons  discussed  by  Mani (37,  38)  an(j 
Goldskin^^  . 


These  factors  include  the  correction  of  one  Doppler  factor  as  given  by 
Ff  owcs-Wi 1 1 iams (6) . 
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4.4  ACOUSTICS  OF  FLIGHT  NOISE  PREDICTION 


A  detailed  discussion  of  the  effect  of  forward  motion  on  the  generation 
of  noise  is  not  the  objective  of  this  section.  However,  the  effect  of 
flight  on  the  acoustics  of  jet  noise  will  be  discussed. 

These  acoustic  flight  effects  are  very  similar  for  the  Lighthill  and 
Lilley  equations;  therefore,  only  a  brief  outline  of  the  derivation  will  be 
given  (the  classical  results  for  Lighthill's  equation  are  well  documented). 


4.4.1  Introduction 


The  effect  of  aircraft  forward  motion  on  jet  noise  was  studied  by 
Ribner(7)  and  Ff owcs-Williams (6) .  They  find  that  the  acoustic  intensity 
varies  as 
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where  Uj  is  the  jet  velocity  (relative  to  the  nozzle),  Urei  is  the  jet 
velocity  relative  to  a  stationary  observer,  M*  is  the  eddy  convection  Mach 
number  relative  to  a  stationary  observer,  M«,  is  the  acoustic  Mach  number  of 
the  aircraft  and  0  is  the  angle  to  the  jet  axis. 

The  above  result  is  based  on  a  rigorous  treatment  of  the  acoustics 
consistent  with  the  Lighthill  theory,  and  on  some  crude  assumptions  with 
respect  to  the  generation  of  noise  (i.e.,  turbulence). 

This  result  shows  that  noise  should  decrease  in  flight  due  to  the 
reduction  of  the  turbulent  shear  (essentially  the  relative  velocity  effect, 
urel)  and  that  noise  should  increase  in  the  forward  quadrant  (90°  <0<18O°) 

due  to  aircraft  motion.  Experimental  data  do  behave  in  this  general  fashion, 
although  the  above  scaling  principle  is,  by  no  means,  very  accurate. 

The  purpose  of  this  section  is  to  derive  the  corresponding  results  for 
Lilley's  equation.  Only  the  effect  of  flight  on  the  acoustics  is  given 
since  this  effort  is  not  concerned  here  with  the  behavior  of  turbulence  in 
flight. 


4.4.2  Formulation  of  the  Problem 

Assume  that  physical  x  =  (x',  y,  z)  space  is  spanned  by  a  stationary 
cylindrical  coordinate  system  (r,  6,  x’),  where  x'  is  along  the  jet  axis. 
Lilley's  equation  is  given  by 
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The  Laplacian  is  denoted  by 
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and  t  denotes  time,  p  is  the  acoustic  pressure,  c  =  c(r)  is  the  undisturbed 
speed  of  sound,  U  =  U(r)  is  the  mean  or  time  average  jet  velocity  and 
p  =  p(r)  is  the  mean  jet  density.  The  turbulent  velocity  fluctuations  are 
given  by  jj1  and  the  overbar  denotes  an  appropriate  average  (u^.  is  the  radial 
component).  The  geometry  is  illustrated  in  Figure  4-30. 


The  quantity  f  is  the  source  of  noise;  only  the  self-noise  part  is 
considered  for  the  reasons  discussed  by  Mani(37).  At  infinity,  the  jet 
velocity  is  assumed  to  have  a  nonzero  value  U,„,  so  that  in  the  present 
section  the  acoustics  of  a  jet  placed  in  a  large  wind  tunnel  of  free  stream 
11..  will  be  considered.  It  is  shown  how  these  results  can  bo  used  to  obtain 
the  sound  pressure  level  in  flight  in  section  4.4.5. 


4.4.3  Solution  of  the  Problem 

The  solution  of  the  above  problem  is  obtained  by  the  techniques  dis¬ 
cussed  in  section  4.3.  Again,  there  are  six  equivalence  classes  of  problems, 
but  only  one  of  these  will  be  considered  in  detail.  This  is  the  case  in 
which  the  shielding  function  g2  (123a)  has  no  turning  point. 

The  effect  of  a  nonzero  tunnel  or  jet  velocity  at  infinity  is  extremely 
simple  for  the  acoustics  and  results  in  referencing  all  velocities  to  the 
free  stream  U,„.  Hence,  the  expressions  derived  in  section  4.3  (for  Uo,  =  0) 
are  directly  applicable  provided  that  the  following  replacement  of  variables 
occurs : 


/  ;; 
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Observation  Point 


Figure  4-30.  Geometry  of  the  Problem. 
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where  on  the  right  hand  sides  of  (154),  M  and  Mc  are  the  jet  and  source 
convection  velocities  (normalized  by  c„  =  speed  of  sound  at  infinity) 
relative  to  the  nozzle,  and  =  Uco/cco  is  the  free  stream  Mach  number.  A 
derivation  of  this  eqivalence  principle  is  given  by  Balsa (54) . 

It  will  now  be  convenient  to  treat  a  "stationary"  source  for  which  Mc  =  0 
The  eftects  of  source  convection  will  be  introduced  at  a  later  stage  through 
a  moving  turbulence  correlation. 

From  equations  (121)  and  (144b)  of  the  previous  section  and  by  the 
principle  of  superposition,  it  is  possible  to  show  that 
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Here  p^,  ct„,  g„  are  the  values  oF  the  density,  speed  of  sound  and  shielding 
function  at  infinity,  R  -*  ®>  is  the  (retarded)  distance  from  the  jet  and 
is  the  (retarded)  angle  to  the  jet  axis.  Ths  subscript  "o"  denotes  the 

value  of  a  quantity  at  the  source  point  x0, 
g  =  I'  /( 1  +  M  COSO ) 

OO 
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(156a) 
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The  integral  in  equation  (155a)  is  evaluated  over  the  jet  volume.  An  approxi¬ 
mation  implied  in  the  validity  of  (155a)  is  that  £0  s  Soro* 

The  principal  result  (155a)  expresses  the  far-field  pressure  as  a 
suitable  integral  of  the  double  divergence  of  the  Lighthill  stress  tensor 
evaluated  at  the  retarded  time.  The  effects  of  the  shrouding  jet  are  shown 
in  the  factor  (cjc)  (1  -  M  cos  0)~1  and  in  the  coefficient  T.  If  (c/c^)  =  1 
and  M  =  0,  T  =  sin  0.  Note  that  the  components  of  C  in.  (155c)  are  written 
in  the  order  x',  y,  and  z. 

The  relationship  between  the  retarded  coordinates  (R,  0)  and  actual 
(tunnel)  coordinates  (R*,  0*)  is  given  by  Morse  and  Ingard(55) 
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For  a  definition  of  tunnel  coordinates,  see  Figure  4-30. 


4.4.4  Results  for  the  Spectrum  Using  Moving  Correlation 

The  purpose  here  is  to  give  the  expression  for  the  1/3  octave  band 
spectrum  of  the  noise  of  a  jet  placed  in  a  wind  tunnel.  The  results  can  be 
written  down  by  inspection  from  the  derivation  presented  by  Goldstein^l) . 

Define  the  autocorrelation  of  the  acoustic  pressure  at  a  fixed  point  in 
the  far  field  by 


P(t)  = 


=  j  P  (t)  p  (t  +  T ) 


(158) 


where  i  is  an  arbitrary  time  delay.  The  power  spectrum  of  jet  noise  is 
defined  as 
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so  that  from  Goldstein(51) 

1 

2 


U) 


I 


0) 


c4  R2 

oo 

c 

"  oo  2 


1  +  M  coso 


dx 

-o 


(1  -  Mq  cos©)2 


c  iC  iC 


k  ^ £ 


(1  +  IV^  cosO) 


x  H.. 


u£o 


ijk£  \  ’  CJ!  +  M^cosS) 


1  -  M  cos0 
_ c _ 

1  +  M  cosG 


(160a) 


The  quantity  wlw  is  essentially  the  1/3  octave  band  spectrum,  repeated  indices 
denote  summation,  and  the  integral  without  limit  denotes  integration  over 
the  jet  volume.  The  observed  radian  frequency  is  denoted  by  w. 

The  spectrum  of  the  moving  turbulence  correlation  is  denoted  by 


Hijkt  <x.k,»)  = 


(2 


/dT  <£•  t- 


exp  [  ito  (t  -  k  •  £)  ]  (160b) 

Note  that  (x,  ^,t)  is  the  usual  convecting  two  point  correlation  of 

the  Light  hi  .11  stress  tensor  at  points  (x  +  U2)  and  (x  -  |/2).  As  such  x  is 
the  mean  coordinate  of  the  points  and  £  is  the  separation  vector.  The 
velocity  fluctuations  at  these  points  are  correlated  with  a  time  delay  t. 

The  turbulence  is  assumed  to  convect  at  Mach  number  Mc  relative  to  the 
nozzle  and  Mc  =  Mc  -  M  . 

The  interpretation  of  equation  (160a)  is  interesting.  The  noise  that 
is  observed  at  frequency  w  in  the  tunnel  is  generated  by  turbulence  at 
Ireqjoncy  (1  -  Mc  cos  ■)/(!  +  M,„  cos  ■ ') ,  For  M„,  =  0  this  reduces  to  the 
well  known  Doppler  shifted  frequency.  The  wave  number  of  turbulence  that 
contributes  to  this  noise  is  simply  ,jf.0  (1  +  Mlt)  cos  The  estimation 

of  K  i  j  r  or  Hijkf  comtiS  from  the  aerodynamic  mixing  calculation. 

4.4.  _>  Spectrum  of  Noise  i n  i'  1  ight 

Consider  now  a  nozzle  convecting  to  the  left  at  Mach  number  M  =  U  /c 
(figure  4-51).  Imposing  a  uniform  velocity  of  U<x>  on  this  system  renders  the 
no/zle  stationary  and  produces  a  uniform  stream  of  speed  Uo  at  infinity.  This 
corresponds  to  the  previous  wind  tunnel  situaton  except  for  the  following 
modi! icat ion:  when  the  nozzle  is  in  forward  flight,  the  observer  is  generally 
stationary  relative  to  the  ambient  so  that  there  is  motion  between  the 
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observer  and  the  nozzle.  On  the  other  hand,  in  the  wind  tunnel  there  is  no 
motion  between  the  observer  and  the  nozzle.  To  account  for  this  difference, 
one  must  Doppler  shift  the  tunnel  results  by  the  amount  £2  =  10/ (1  +  cos  G) , 


where  £2  is  the  observed  frequency. 

4.4.6  Discussion 

First  it  is  interesting  to  consider  the  limiting  form  of  equation  (161) 
as  M  -*■  0.  In  this  case 

oo 

M  -  M 

M  -*■  M 

c  c 

so  that,  apart  from  the  dynamic  factor  of  (]  +  Mm  cos  n)~l,  the  spectrum 
of  the  noise  from  a  stationary  nozzle  is  functionally  identical  to  that  of 
a  nozzle  in  forward  flight  provided  that  in  the  latter  case  all  velocities 
are  referenced  to  l!  . 

OO 

Forward  flight  also  produces  an  amplification  factor  of  (1  +  M  cos  0)~1 
which  will  increase  slightly  the  noise  in  the  forward  quadrant  (90°  <  0  <  180°). 

Actually,  forward  flight  will  change  the  magnitude  of  the  spectrum  of 
turbulence  somewhat  because  of  reduced  mixing.  Therefore,  in  addition  to 
the  above  relatively  simple  acoustic  effects,  there  are  more  complex  effects 
due  to  changes  in  the  turbulence  structure.  These  can  be  calculated  from  a 
computer  model  for  the  aerodynamic  mixing  but  it  is  very  difficult  to  give 
an  accurate  a  priori  estimate  for  them  with  any  kind  of  generality, 

4 .4.7  Cone  1  us  ion s 

To  predict  jet  noise  in  flight,  one  can  use  the  expressions  derived  in 
sections  4.3.10  and  4.3.11,  provided  that  a  convective  amplification  factor 
(1  +  M,  cos  )-1  is  adjoined  to  the  mean  square  acoustic  pressure  and  all 
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velocities  (jet  and  convection)  are  referenced  to  the  flight  velocity.  In 
other  words,  nozzle  fixed  jet  and  convection  velocities  are  to  be  replaced 
by  the  corresponding  observer  fixed  velocities.  Apart  from  the  Doppler 
shift  of  £2  =  a)/ (1  +  M  cos  0),  there  is  complete  equivalence  between  the 
spectra  in  flight  and  in  a  wind  tunnel.  They  both  produce  a  dynamic 
"correction"  of  one  Doppler  factor. 
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4.5  RF.ICHARDT'S  THEORY  FOR  ARBITRARY  JET  FLOWS 


4.5.1  Introduction 

An  essential  ingredient  to  the  study  of  jet  noise  is  the  description  of 
the  jet  plume  flow  field.  The  turbulent  mixing  of  the  exhaust  flow  with 
the  ambient  surroundings  constitutes  a  primary  noise  source  mechanism.  The 
spatial  distributions  of  plume  mean  (time-averaged)  properties  such  as 
velocity,  density,  etc.,  determine  the  degree  to  which  the  generated  noise 
is  amplified  due  to  convection  and/or  shielded  as  it  propagates  through  the 
plume  to  the  ambient  field.  Possible  approaches  to  reducing  the  noise 
emitted  by  a  turbulent  jet  include:  (1)  alteration  of  the  mixing  process, 

(2)  reduction  of  convection  effects,  and  (3)  reinforcement  of  the  flow 
shielding  effects.  These  concepts  lor  reducing  jet  noise  require  a  thorough 
grasp  of  the  fluid  mechanics  of  turbulent  jets,  and,  therefore,  a  method  for 
predicting  turbuLent  jot  flows  is  indispensable.  Traditionally,  jet  noise 
reduction  has  been  achieved  by  exhaust  nozzle  area  shaping  and  flow  division. 
Examples  ot  area  shaping  include  elliptic  and  rectangular  nozzles,  multiple- 
lobe  nozzles,  etc.  Examples  of  flow  division  include  multitube  nozzles  and 
multispoke/chute  nozzles.  A  survey  ot  experimental  results  pertinent  to 
these  types  of  jet  nozzles  was  given  by  Stringas  and  Mani(56);  a  major 
conclusion  ot  this  survey  was  that  a  systematic  approach  to  the  understanding 
ot  jet  t low  structure  tor  arbitrarily  shaped  nozzles  was  required  to  provide 
a  technological  basis  lor  design  optimization  without  resorting  to  expensive 
and  t ime-consuming  parametric  testing. 

The  development  ot  an  accurate  computational  prediction  method  for  the 
1  low  f  ield  ot  turbulent  jets  emanating  I  rum  nozzles  of  arbitrary  geometric 
shape  was  undertaken  to  lull  ill  the  requirements  described  above.  Several 
approaches  to  modeling  tree  turbulent  I  lows  relevant  to  the  jet  plume  problem 
have  been  established  tor  simple  round  jets.  Ait  excellent  review  of  the 
current  ‘tote  ot  the  art  on  turbulent  1  low  modeling  has  been  published  by 
Launder  and  Spalding^^).  liiis  review  covers  the  range  in  modeling  complexity 
I  tom  the  simple  1925  l’randtl  mixing  length  model  to  the  more  recent  highly 
sophisticated  mu  1 1 i equa t i on  closure  models  which  require  numerical  finite- 
difference  solution  techniques. 

Motivated  by  the  desire  to  establish  a  prediction  method  for  turbulent 
let s  ol  arbitrare  initial  cross  section,  an  assessment  was  made  of  the  past 
•aid  current  model ing  appro n  lies,  with  a  view  toward  selecting  the  approach 
which  won  I d  require  a  minimal  amount  ot  dove lopmen t ,  and  at  the  same  time 
provide  (potentially)  the  required  accuracy  tor  the  intended  application, 
l.onsidera L ion  was  also  given  to  ease  ot  implementation  as  a  practical  computa- 
t  ional  procedure.  1  ho  method  t  inal  Iv  selected  t or  1 urther  development  was 
tiiat  ot  Kendal  i  1  which  is  an  extension  of  the  work  of  Alexander  et  a]  .  (59) 

to  arbitral  ■  nozzle  siiapes.  iiie  method  is  based  on  Re  i  chardt 1  s  (bO)  inductive 
!  in  orv  ot  i  roe  turbulence;  a  key  teature  ol  this  theory  was  the  establishment 
«•:  a  iincar  governing  equation  for  momentum  transport.  This  linearity 
tenure  permits  invoking  the  superposition  principle  to  construct  quite 
'  1 ’’  ,'lex  ’  low  i  ield„  utilizing  elementary  solution  terms,  considerab  v  simpl i- 
tviag  Lne  matnema  t  i'-a  1  and  eornpu  tuL  i  ona  1  aspects  of  the  problem.  Alt.  ough 
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more  modern  and  rigorous  methods  were  available  for  simple  jet  flows,  there 
was  no  other  technique  available  which  offered  the  capability  of  modeling 
jet  flows  typical  of  aircraft  engine  suppressor  nozzles  (e.g.,  multipl  - 
lobes,  multitubes,  mult ispoke/chute  nozzles). 

Although  the  developments  of  Ke i chard t ' s (^0)  theory,  as  proposed  by 
Alexander  *  r>  1 )  and  Kendall  (58) ,  jiave  been  approached  from  the  viewpoint  of 
superpos 1 t ion  of  elemental  "point  source"  jet  solutions  to  construct  complex 
jet  solutions,  a  more  formal  mathematical  treatment  is  given  herein  which 
recognizes  the  analogy  with  transient  heat  conduction  problems.  Additionally, 
a  formal  extension  to  include  the  effects  of  prescribed  pressure  gradients 
on  the  plume  is  also  given,  in  anticipation  of  recognizing  the  influence  of 
variable  base  pressure  effects  on  multielement  nozzle  flows.  Considerable 
attention  is  also  given  to  calculation  of  those  turbulent  structure  proper¬ 
ties  relevant  to  noise  generation.  The  formal  mathematical  treatment  employed 
herein,  utilizing  Green's  function  methods,  is  shown  to  yield  results 
identical  to  those  obtained  using  the  superposition  approach. 

During  the  course  of  the  theoretical  development,  certain  constants 
'•elated  to  the  mixing  and  entrainment  properties  of  the  flow  arise.  These 
constants  must  be  evaluated  experimentally,  and  methods  for  deriving  these 
constants  from  experimental  data  are  discussed.  Comparisons  of  predicted 
and  measured  flow  field  quantities  are  presented  for  several  nozzle  geome¬ 
tries  of  interest,  and  the  strengths  and  weaknesses  of  the  prediction  method 
are  discussed.  Finally,  suggestions  are  made  for  extensions  and  improve¬ 
ments  in  the  theoretical  model. 


4.5.2  Basic  Equations  and  Assumptions 

Consider  a  jet  emanating  from  a  nozzle  of  arbitrary  cross  section,  as 
shown  in  Figure  4-32.  The  governing  equations  for  axial  momentum  transport 
and  conservation  of  mass,  in  absence  of  laminar  viscous  stresses,  are  as 
f o 1  lows : 
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+  ~  (pu)  +  (pv)  +  f-  (pw)  =  0 
• '  x  dy  <3  7. 
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where  (u,  v,  v)  are  the  (x,  y,  z)  -  components  of  instantaneous  fluid  velocity, 
respectively;  and  p  is  the  static  pressure  and  p  is  the  density.  Time  is 
denoted  by  t.  By  multiplying  equation  (162)  by  p  and  combining  with  (163), 
the  conservative  form  of  the  momentum  equation  is  arrived  at: 
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Consider  next  the  instantaneous  flow  variables  to  be  comprised  of  a  mean 
value  and  an  unsteady,  fluctuating  component;  e.g.,  u  =  u  +  u',  v  =  v  +  v', 
etc.,  where  overbars  denote  time-average  values  and  primes  denote  unsteady 
components.  The  unsteady  (turbulent)  component  has  the  property  that 


lim 

T-h° 


1 

T 


/trT 
u-dt 


t 


0 


With  these  distinctions,  it  can  be  shown  that  equation  (162),  a£ter  time¬ 
averaging  and  assuming  that  density  fluctuations  are  small  (p'/p  <<1),  has 

the  well-known  form 
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The  assumption  that  terms  involving  p'  are  negligible  amounts  to  an  assumption 
that  the  turbulence  Mach  number  |u'/c|<<  1.  See,  for  example,  Hinze^-O,  p.  19. 

Equation  (162a)  can  also  be  time-averaged,  and  the  mean  quantities  can  be 
assumed  invariant  with  time.  The  result  is  as  follows: 
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Both  equations  (164  and  164a)  contain  the  same  simplifying  assumptions. 
Equation  (164)  is  the  classical  turbulent  flow  equation  usually  employed  to 
analyze  turbulent  flow  problems,  and  explicitly  displays  the  turbulent 
stresses  (p  u '  2) ,  (p  u'v'),  (p  u'w')  on  the  right-hand  side.  Equation  (164a), 
which  is  employed  herein,  contains  these  same  quantities  implicitly  through 
the  relations 


pu^  =  p  ^  +  p  u7? 


puv  =  p  uv  +  p  u  v 


PUW  =  p  uw  +  p  u  w 


(165) 


The  point  to  be  made  is  that,  in  the  Reichardt  approach  which  follows,  the 
starting  point  is  the  same  as  in  the  classical  theories  of  turbulence,  and  that 
the  departure  arises  in  modeling  the  turbulent  sheai  stresses,  an  area  which 
by  no  means  has  a  universally  accepted  method  of  approach. 


('/  r 


143 


The  Reichardt (60)  hypothesis  that  the  transverse  momentum  fluxes  are 
proportional  to  the  corresponding  traverse  gradients  of  the  axial  momentum 
flux  is  now  invoked.  A  discussion  of  the  implications  of  this  hypothesis  is 
given  by  Hinze(61),  pp.  290-293.  The  following  relationships  are  therefore 
assumed : 


-  A  (x)  —  (pu-);  puw  =  -A (x)  ~  (pu?) 


(166) 


The  proportionality  factor  A  is  assumed  to  be  at  most  a  function  of  axial 
coordinate  x.  Substituting  equation  (166)  into  (164a)  yields  the  following 
governing  equation  for  pu- : 
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Reichardt's  original  theory  presumed  constant  static  pressure  throughout  the 
flow,  as  is  usually  the  case  for  wakes,  jets,  etc.  The  pressure  gradient 
term  will  be  retained  herein,  however,  in  the  hope  of  being  able  to  assess 
reduced  base  pressure  effects  typically  occurring  in  multielement  nozzle 
flows,  as  discussed  in  the  introduction.  The  assumption  is  made  that  the 
pressure  distribution  in  the  jet  plume  is  known,  either  from  experiment  or 
from  an  ii  lependent  auxiliary  calculation.  The  pressure  gradient  term  in 
equation  (167)  is  therefore  treated  as  a  known  "source"  term.  This  approach 
was  first  suggested  by  Kantola^Z). 

Let  f  =  pu-  and  Q  =  -  3p/px.  Equation  (167)  can  therefore  be  rewritten 
as  follows: 


L(f)  =  Q ( x , y , z ) 

where 
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A  solution  ot  equation  (.168)  is  sought  with  the  appropriate  boundary  conditions. 
As  pointed  out  by  Kantola (62) >  equation  (168)  is  analogous  to  the  diffusion 
equation  lor  transient  heat  conduction,  the  momentum  transport  coefficient 
\  i  orresponding  to  a  time-varying  thermal  conductivity.  A  list  of  analogous 
properties  i:  presented  below: 
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In  Che  Reichardt  theory,  the  total  momentum  at  the  nozzle  exit  plane  x  =  0 
is  conserved  in  the  axial  direction  in  the  same  manner  as  the  total  heat 
energy  is  conserved  with  time  in  the  thermal  diffusion  problem.  The 
analogous  thermal  problem  which  corresponds  to  the  jet  momentum  problem  is  a 
time  decay  of  an  initial  temperature  distribution,  with  a  time-varying 
thermal  conductivity.  From  this  analogy,  it  is  apparent  that  the  jet 
momentum  must  be  specified  over  the  entire  exit  plane  x  =  0. 

It  has  been  implicitly  assumed  that  Reichardt' s  mixing  hypothesis, 
equation  (166),  holds  even  in  the  presence  of  a  pressure  gradient.  This 
assumption  may  be  questioned  on  the  grounds  that  pressure  gradients  may 
alter  the  transverse  momentum  independent  of  the  mixing  process  itself.  To 
examine  this  effect,  consider  the  time-averaged  transverse  momentum  (y,  z) 
equations,  as  follows: 


h  (PUV)  +  ly  (pV7)  +  h  (pvw)  =  -  !£ 

h  (p^)  (pvw)  +  h  ^  =  ~ 


(170) 


Assuming  that_tjie  jet  plume  flow  direction  is  primarily  axial,  such  that 

v/u  <«-  1  and  w/u  <<  1,  the terms  p v- ,  pvw  and  pw^  are  probably  much  smaller 

than  the  terms  involving  puv  and  puw.  Equations  (170)  can  then  be  approxi¬ 
mated  by 
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Thus,  the  additional  contributions  to  the  transverse  momentum  by  the  traverse 
pressure  gradients  are  given  by  direct  integration  of  equation  (171): 
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Assuming  that  the  exit-plane  distributions  of  puv  and  puw  are  known,  Reichardt's 
mixing  hypothesis  is  then  modified  by  the  additional  contributions  given  by 
equation  (172): 


/  ‘  < 


145 


(173) 


4> 


puv  =  ( puv ) 0 


puw  =  (puw)0 


Op/3y) 


(:ip/3z) 


dC 


d£ 


(pu2) 


A  ^  fz  ^pu2^ 


Substitution  of  relations  (173)  into  (164a)  yields  the  same  equation  form  as 
(168,  169),  but  with  Q(x,  y,  z)  now  defined  as  follows: 


Q(x,y,z) 


(puv)Q 


(puw) 


o 


_  i£ 

3x 


(174) 


If  the  flow  is  axial  at  the  exit  plane,  the  first  term  in  (174)  vanishes. 

If  the  transverse  pressure  gradients  are  small  and/or  constant,  the  third 
term  in  (174)  vanishes.  Therefore,  the  approximat ion  Q  -  -3p/3x  is  not 
very  restrictive  for  practical  applications.  It  will  henceforth  be  assumed 
that  l)  =  -  3p/Jx,  although  the  exact  form  for  Q  assumed  does  not  affect  the 
solution  procedure.  It  will  also  be  assumed  that  equation  (166)  is  suffi¬ 
cient  to  model  the  Reichardt  hypothesis. 

For  heated  jets,  the  temperature  distributions  are  also  required.  The 
stagnation  enthalpy  flux,  in  absence  of  viscous  (molecular)  dissipation  and 
heat  losses  due  to  conduction  and  radiation,  is  a  conserved  property. 
Defining  stagnation  enthalpy  H  as 

II  =  ,  pT  +  |  (u2  +  V2  +  w2)  -  <_-p  Te  (175) 

wiiere  cu  is  the  specific  heat  at  constant  pressure  and  Tp  is  the  ambient 
temperature,  the  governing  equation  for  stagnation  enthalpy  transport  is 
given  by 


3t 


+  u 


3H  3H 

—  +  v  —  + 
3x  cty 


3H  =  1 

3  z  p  3 1 


(176) 
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Similar  to  the  axial  momentum  transport  equation  development,  equation 
(176)  is  combined  with  the  continuity  equation  (177)  and  time-averaged  to 
yield  the  following: 


-y-  (puH)  +  —  (pvH)  +  ~  (pwH)  =  0 


(177) 


Analogous  to  the  Reichardt  hypothesis  concerning  momentum  transport,  it  is 
assumed  that  the  transverse  momentum  flux  is  proportional  to  the  corresponding 
transverse  gradient  of  axial  enthalpy  flux: 


p  vH 


-  A 


h  (*)  (puH)  ;  pwH 


-  A,  (x) 


dz 
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(178) 


Substitution  of  relations  (178)  into  (177)  yields  the  following  governing 
equation  for  (puH) : 


~  (puH)  -  Ah  (x) 


32 


(puH) 


(puH) 
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(179) 


Hence  the  governing  equation  for  enthalpy  flux  (puH)  lias  the  same  form  as 
equations  (167)  or  (168)  and  (169)  for  momentum  transport,  except  that  the 
right-hand  side  Q=0.  The  solution  of  equations  (168)  and  (169)  applies 
equally  to  (179).  A  new  variable,  the  enthalpy  transport  coefficient  A^fx), 
is  introduced  which  is  also  permitted  to  vary  with  downstream  distance  x. 

As  will  be  subsequently  shown,  these  transport  coefficients  A  and  A^  must 
be  evaluated  from  experimental  measurements. 


4.5.3  General  Solution 

A  formal  solution  to  equation  (168)  can  be  obtained  utilizing  the 
Green's  function  techniques  discussed,  e. g. ,  by  Greenberg (63) #  With  the 
boundary  condition  that  the  transverse  gradients  of  f,  i.e.,  3f/3v  and  3f/3z, 
vanish  as  y  -*■  00  and  z  respectively,  the  following  general  solution  has 

been  obtained: 


f(x,y,z)  =  fff  GQdV  +  // 


V 


s=0 


(180) 


where  G(f,,  n,  x,  y,  z)  is  the  Green's  function  which  satisfies  the  adjoint 
equation  to  (168)  and  (169), 


3G  , ,r.  f  32G  32G 
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=  6  (f,-x)  6(n-y)  A  ( r-z ) 
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subject  to  the  boundary  conditions 


[G] 


0 


(181b) 


The  volume  integral  V  is  over  the  domain  of  f,  i.e.,  V(0  £  C  -°°  £  n  00 , 

<_  ?  <_<*>),  where  (£,  n,  r, )  are  the  variables  of  integration  corresponding  to 
the  (x,  y,  z)  coordinate  directions,  respectively.  The  surface  integral  S  is 
over  the  nozzle  exit  plane  at  x  =  0,  i.e.,  S  (-<»  <_  n  £  m,  _CD  f.  C  5.  00 )  •  The 
first  term  in  equation  (180)  represents  the  effect  of  the  pressure  gradient 
source  term  Q  on  f,  and  the  second  term  represents  the  initial  datum  plane 
diffusion  as  a  function  of  axial  distance  x.  The  Green's  function  solution 
which  satisfies  (181)  is  given  by  the  following: 


G(S,n,c;  x,y,z) 


H  (x  -  C)  -(y-n)2/4a2  -(z-r,)2/ 4a2 

4tt  a2  e  e 


(182) 


where 


/A  -A 

A(x)dx,  a2  =  J  A(x)dx  (183) 

0 

4  0 

and  H  is  the  Heaviside  step  function.  Substitution  of  (182)  into  equation 
(180)  yields  the  final  form  of  the  general  solution  of  equation  (168), 
which  applies  to  either  f  =  pu2  or  f  ■=  puH,  as  follows: 


f(x,y,z)  = 


f  zb  /  / 


Q  c-(y-n)2/4a2  e-(z-r,)2/4a2  ^  df 


(184) 
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Thus,  given  the  exit  -  plane  (F,  =  0)  distribution  of  f  and  the  distribution 
of  the  source  function  Q  throughout  the  field,  the  value  of  f  at  any  point 
(x,  y,  z)  can  be  computed  by  equation  (184).  for  momentum  transport, 
t  =  o u *-  and  Q  =  -3p/  >x.  for  neat  transport,  f  =  pulT  and  Q  =  0.  It  may  be 
noted  that,  in  recent  approaches  to  turbulent  flow  modeling,  an  analogy  is 
usually  drawn  between  transport  of  heat  and  the  transport  of  any  conservative 
scalar  property  of  the  flow,  such  as  species  concentration,  turbulent  kinetic 
energy,  and  even  turbulent  mixing  length  scale  [see,  e.g.,  Launder  and 
Spaiding  (^7)]t  This  analogy  can  also  apply  to  Reichardt's  theory  as 
developed  herein  as  well. 


148 


/  •  ' 


4.5.4  Experimental  Evaluation  of  Empirical  Constants 

The  general  solution  for  the  momentum  and  enthalpy  flux  given  by  equation 
(184)  is  characterized  by  a  transport  coefficient  A(x)  and  a  corresponding 
mixing  layer  thickness  a(£,,x),  the  two  quantities  being  related  through 
equation  (183).  These  quantities  are  permitted  to  vary  witli  axial  distance 
along  the  plume,  but  should  be  independent  of  cross-stream  coordinates 
(y,z).  Ideally,  these  parameters  should  be  independent  of  nozzle  shape, 
type,  and  exhaust  plane  conditions. 


Prior  to  performing  a  numerical  evaluation  of  the  empiricial  mixing 
parameters  (A,  a),  it  is  convenient  to  recast  equation  (184)  in  cylindrical 
coordinates,  since,  in  many  cases  of  interest,  the  symmetry  of  the  problem 
can  be  exploited  in  this  coordinate  system.  In  the  cylindrical  coordinate 
system,  a  point  at  (x,  y,  z)  is  defined  by  cylindrical  coordinates  (x,  r,  <£), 
where  r  =  /y2  +  ^ 2  and  >j>  =  tan~l  (z/y).  The  integration  variables  (£,  n,  4) 
have  corresponding  cylindrical  coordinates  (£,  v,  a),  where  v  =  /t|2  +  4 2  and 
a  =  tan~l  (4/n).  Equation  (184)  can  therefore  be  written  in  the  following 


form: 
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where 


or 


R2  =  (z-4)2  +  (y-n)2 

r2  =  r2  +v2  _  2rv  cos  (<j >-a) 


(186) 


end 


b  =  2a 


(187) 


For  the  case  of  free  turbulent  mixing  with  no  pressure  gradients,  (0=0), 
equation  (185)  agrees  exactly  with  the  result  of  Grose  and  Kendall (58) 
obtained  using  the  superposition  technique.  Note  that  henceforth  the 
parameter  b=2a  will  be  considered  the  characteristic  mixing  layer  thickness 
instead  of  a,  to  be  consistent  with  previous  notation  of  prior  authors.  The 
coordinate  notation  in  cylindrical  coordinates  is  illustrated  in  Figure  4-33. 

In  order  to  evaluate  the  parameters  b  and  A,  the  special  case  of  an 
axisymmetric  round  jet  with  no  pressure  gradients  is  considered.  Also,  it 
is  assumed  that  there  is  uniform  flow  at  the  nozzle  exit  plane.  For  this 
case  equation  (185)  reduces  to 


f(x,  r,  <j>)  =  -rr— t 

iTD  - 
(i 


2ir 


d/2 


/  / 


,-«2/bo2 


vdvda 


(188) 


/ 


149 


where  d  is  the  no/.; 
argument  K  reduces 
to  g i v e 


le  i>.it  diameter.  Along  c  In-  ji-L  senior  1  ino  r=0,  the 
ro  and  tin  above  express  i  on  ran  be  integrated  directly 


i  (x) 


f (x, 0,0)  = 


(189) 


Thus,  il  the  variation  of  b(,  with  x  Ls  known,  t  lie  eenterline  distribution  of 
!  can  be  computed  from  equation  089).  Conversely,  if  the  centerline  distri¬ 
bution  of  !  is  available  t  row  experiment,  tile  function  b0(x)  can  be  inferred, 
in  particular  lor  the  uxisyimnel  r  ic  round  jet,  equation  (.189)  yields 


b0t,x_)  =  1 
si  "  1 


tv'-Tn  [T-  I  l  >  1 .  t  j 


(190) 


if  first  the  incompressible  or  isothermal  jet:  with  f  =  is  considered,  then 
f(x)/l  j  .  [  n  (,x) /u  j  j  - ,  where  u,  is  the  jet  nozzle  exit  velocity.  Unfortunately, 

within  experimental  accuracy,  u(>;)=u;  for  the  first  few  diameters  (0  £  x  £  4d), 
so  that  equation  (.190)  cannot  be  used  to  evaluate  b(x)  in  that  region. 

However,  if  we  consider  the  region  of  the  jet  where  centerline  velocity 
decay  i.s  predominant,  i .  e . ,  x/d  ■- >  1,  so  that  f(x)/fj  is  appreciably  less 
than  unity,  then  equation  (190)  can  be  approximated  by 
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(191) 


where  n(x)  is  the  jet  center! i ne  (r-0)  mean  velocity  distribution.  From 
measurements  ol  u(x) ,  b,,(x)  can  then  be  evaluated.  It  is  a  well-known 
result  l  see,  e .  g .  ,  Von(.  I  a  hr.  et  a.I  ,  i\-i  b7)  that  the  centerline  velocity  u(x) 
decays  as  t/x  in  the  t  til  l y-developed  similarity  region.  This  is  illustrated 
in  figure  a-3->.  I'h  i  s  experimental  observation  implies  that  bn  is  propor- 
t iona  1  t o  x,  i .  e .  , 

*’o  ‘  (192) 


where  (.ri  is  a  constant  ,  Lermed  Llie  momentum  spreading  parameter.  If  a 
straight  -line  curve  is  fitted  to  experimental  measurements  of  u(x),  on  a 
logarithmic  scale  as  shown  in  Figure  i-1A,  having  a  slope  of  (-1),  the 
intercept  at  u(x)/uj  =  1  defines  a  potential  core  length  L,. ,  also  shown  in 
i-igufc  i- it.  Hv  graphi’ally  determining  Lc,  the  momentum  spreading  constant 
h‘  iVi-mput  i'd  using  equal  tons  (190)  and  (19!)  with  u(x)  =  uj  and  x  =  Lc : 


(193) 
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Many  investigators  have  developed  correlations  for  the  centerline  velocity 
distributions  of  round  jets  as  a  function  of  jet  exhaust  Mach  numbers  Mj,  free- 
stream  to  jet  velocity  ratio  ue/uj ,  and  nozzle  shape.  These  empirical  correla¬ 
tions  have  been  employed  to  determine  the  functional  dependence  of  Cjn  on  the 
parameters  Mj  ,  ue/uj,  and  nozzle  shape.  A  summary  of  the  relevant  correlations 
is  given  in  the  following  paragraphs. 

Forstall  and  Shaplro(64)  correlated  experimental  round  jet  measure¬ 
ments  of  mean  velocity  with  the  ratio  of  external  flow  velocity  ue  to  nozzle 
exit  velocity  uj  ,  and  proposed  the  following  correlation: 


u(x)  ~  ue  =  ,  x  >  L 

Uj-ue  x  c 

Wd  =  4  +  12  (ue/uj) 


(195) 


Bradbury (65)  [ias  proposed  the  following  correlation  of  centerline 
velocity  for  round  jets  in  a  coflowing  stream: 


u(x)-ue 

urue 


(196) 


Harsha (66)  did  a  very  thorough  and  extensive  survey  of  published  data 
on  plane  and  axisymmetrie  jets  and  wakes,  critically  evaluating  the 
experimental  configurations  and  conditions  for  possible  sources  of  erroneous 
or  misleading  meiisurements.  Although  Harsha  encountered  difficulty  in 
obtaining  agreement  among  the  several  data  sources  examined,  he  did  identify 
two  important  parameters  which  affect  the  axial  velocity  decay  rate: 

(1)  nozzle  Reynolds  number  Red  =  p  ujd/p,  and  (2)  nozzle  exit  plane  internal 
and  external  boundary  layer  thickness.  For  a  jet  issuing  into  still  air, 
Harsha  (1971)  obtained  a  correlation  with  Reynolds  number  of  the  form 


u(x) 
u  i 


2.13  (Red) 


0.097 


(197) 


Harsha (^6)  recommended  Bradbury's^’)  lormula,  equation  (196),  for  corre¬ 
lating  the  influence  of  external  flow  velocity  ratio,  but  cautioned  that  the 
nozzle  exit  p Lane  conditions  (turbulence  levels  and  boundary  layer  thick¬ 
nesses)  have  a  strong  influence  on  the  velocity  ratio  effect.  Although  no 
quantitive  method  for  estimating  these  influences  was  recommended,  Harsha 
did  present  an  example  numerical  calculation  (using  a  Prandtl  eddy  viscosity 
model  finite-difference  prediction  procedure)  which  showed  a  definite  trend 
of  increasing  boundary  layer  thickness  producing  more  rapid  plume  decay. 
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This  trend  opposes  the  tendency  of  velocity  ratio  to  retard  the  velocity 
decav,  as  predicted  by  equations  (195)  and  (196). 

V i  aGlahn  e t  al  (6  7 )  proposed  a  correlation  for  jet  centerline  velocity 
decay  which  depends  on  jet  exit  Mach  number  Mj  and  nozzle  flow  coefficient 
Cn,  as  follows: 


u ( x ) -u^ 
u  :  -  u  o 


i 


u 


where 


(198) 


Comparing  equat  icii  i  1  ‘<h  '»  w  i  I  ii  (.195)  suggests  that  I-c  "  /l  +  Mj.  A  compila¬ 
tion  of  data  at  various  Much  numbers  was  presented  I  y  Harsliaf66'i  t  and  these 
data,  in  the  form  of  centerline  velocity  as  a  function  (if  axial  distance, 
were  used  to  evaluate  the  dependency  of  ].c  on  Mj.  Shown  in  Figure  4-35  is  a 
pint  of  [,t./d»  1  +  Mj  as  a  function  of  Mj.  It  is  seen  from  this  plot  that  the 
functional  dependence  I.(.  i  I  +  Mj  holds  quite  well  for  Mj  ■  1.5.  Also 
shown  is  the  linear  dependence  Lc  '  (1  +  0.5  Mj)  suggested  :,y  H.-*rsha,  which 
also  correlates  quite  well.  The  data  used  in  Figure  4- 3 5 ,  however,  represent 
ideally  expanded  et  behavior  lor  Mj  >  1.  For  convergent  nozzles  operating 
underexpanded,  t  ae  correlation  may  not  be  applicable. 

With  the  exception  of  VonWlahn’s  method  for  uv  '•  0.  all  of  the  above 
correlations  can  be  put  into  the  form 


u ( x 

U  j-u,. 


1.,.  -  I.f.  (u0/iij.  Mj,  Ke(| ,  etc.) 

This  lorn  i  relatable  to  the  Reichardt  momentum  spreading  rate,  through 

etpiat  ion  1  9  < .» .  Taking  into  account  the  variances  among  the  various  experi¬ 
mental  r«-:ci  Its,  the  Ini  lowing,  equation  for  0m  was  derived: 
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where  VR  =  ue/uj,  and  and  C2  are  empirical  constants,  having  tentative 
values  of  c^  =  1  and  C2  =  0.5.  The  corresponding  correlation  of  Lc,  given  by 
equations  (193)  and  (199),  is  also  shown  for  the  same  data  set  in  Figure 
4-35.  It  can  be  seen  that  this  correlation  works  quite  well  even  for  the 
high  Mach  number  data  (Mj  >  1.5),  primarily  because  the  effect  of  changing 
Reynolds  number  is  now  accounted  for. 

The  formulation  for  Cm  presented  in  equation  (199)  is  only  a  preliminary 
guide;  the  presence  of  upstream  turbulence,  inner  and  outer  boundary  layers 
on  the  nozzle  walls,  the  presence  of  shock-cells  in  the  initial  expansion 
region,  all  may  have  an  effect  on  Cm  which  is  not  apparent  from  equation  (199). 
In  practice,  it  has  been  found  that  Cm  varies  much  less  with  VR  and  Mj  than 
would  be  anticipated  from  equation  (199),  based  on  flow  measurements  for 
several  nozzles  tested  in  the  experimental  portion  of  the  present  program. 

This  is  interpreted  to  be  a  characteristic  of  the  particular  facilities, 
nozzle  designs  and  operating  conditions  employed,  and  some  judgment  is 
required  in  selecting  a  value  of  Cm  for  prediction  purposes.  Equation  (199) 
is  a  good  initial  estimate,  but  small  adjustments  may  be  necessary  to  account 
for  the  aforementioned  auxiliary  effects. 

From  equation  (183),  the  momentum  transport  coefficient  Am(x)  can  be 
obtained  Cm,  and  is  as  follows: 

C2 

*m  (x)  =  — ^  (200) 


For  the  heat  transport  equation,  i.e. ,  for  f  =  puH,  much  less  data  exist  from 
which  one  can  extract  the  empirical  heat  transport  coefficient  Xfo(x)  and/or 
the  enthalpy  flux  shear  layer  thickness  bh(x).  In  general  (see,  e.g., 
Hinze(61),  and  Launder  and  Spalding^2),  temperature  profiles  diffuse  more 
rapidly  than  velocity  profiles  in  a  free  turbulent  jet.  Using  some  simpli¬ 
fying  assumptions,  it  can  be  shown  that  a  relation  exists  between  Cm  and 
the  corresponding  heat  spreading  rate  Cj,  as  a  function  of  the  turbulent 
Prandtl  number,  for  a  round  jet: 


Ch  .  /  2 

Cm  V  1  +  Prt 


(201) 


The  details  of  the  derivation  of  equation  (201)  are  given  in  Appendix  B. 
Launder  and  Spalding^''  estimated  that  Prt  =  0.7  for  a  round  jet.  This 
would,  with  equation  (201),  imply  that  Ch  ~  1.1  Cm.  In  practice,  this  has 
been  found  to  yield  satisfactory  predictions  for  heated  jets. 
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4.5.5  Turbulent  Structure  Quantities 


The  general  solution  given  by  equation  (184)  permits  a  numerical  evalu¬ 
ation  of  the  quantities  pu*  and  puH.  From  the  generalized  Reichardt  hypothesis 
given  by  equation  (166),  the  quantities  puv  and  puw  can  also  be  evaluated. 

For  the  constant  pressure  mixing  case  Q  ■  0,  equation  (184)  and  equations 
(166)  yield  the  following  solution  forms: 
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where  R^  ■  (z-C)2  +  (y-n)^»  as  before.  Subscripts  j  indicate  evaluation  at 
the  jet  exit  plane  x-0.  The  turbulent  shear  stresses  ty  and  tz  are  given  by 


tv  •  -  pu  v 


Tz  ■  -  pu'w' 


From  equation  (165),  these  can  be  expressed  as  follows: 


tv  •  p  u  v  -  puv 


t2  ■  p  u  w  -  puw 


/9< 


Kendall (58)  has  attempted  to  derive  a  formulation  for  (puv)  by  manipu¬ 
lating  the  continuity  equation  (163)  to  solve  for  p’v,  assuming  that 
pu  *  (pu2)/u  and  u  ;  / (pu2) /p .  Because  of  the  approximations  involved,  the 
resulting  expressions  for  Ty  are  in  practice  less  accurate  than  the  simpler 
approach  of  neglecting  puv  altogether.  The  simpler  approach  has  been 
adopted  herein,  so  that  Ty  and  xz  are  approximated  by 

Ty  =  -  puv  tz  =  -  Puw  (206) 


In  addition  to  Ty  and  tz,  an  analogous  axial  component  of  shear  stress  tx 
can  be  defined,  as  follows: 


Substituting  equation  (202),  the  following  expression  for  tx  is  obtained: 


-R2/b2 

e  “  dnds  (207) 


where  dbm/dx  =  Cn,  and  Xm  =  1/2  b^  dbm/dx,  as  before. 

For  comparison  with  experiment,  the  axial  turbulence  velocity  u'  is 
required,  since  this  is  a  turbulence  parameter  which  is  easily  measured.  A 
stronger  motivation  for  being  able  to  predict  u'  is  that  it  is  a  primary 
ingredient  in  the  computation  of  mixing  noise.  An  expression  was  developed 
which  relates  u'  to  tx,  ty,  and  tz  as  follows: 


p  (u')2  ~  /xy2  +  Xg2  +  (io  tx)2 


(208) 


where  the  factor  of  10  on  tx  was  determined  from  comparisons  with  experi¬ 
mental  measurements  on  simple  round  jets.  On  the  axis  of  a  simple  round 
jet,  Ty  and  tz  vanish  [see  equations  (204)  and  (205)],  so  that  (u')2  is 
determined  entirely  by  tx. 


4.5.6  Base  Pressure  Effects 

A  qualitative  estimate  of  the  effects  of  reduced  base  pressure  on  the 
mixing  characteristics  of  multielement  nozzles  can  be  made  by  examining  the 
general  solution  for  momentum  transport  in  cylindrical  coordinates  given  by 
equation  (185): 
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f  (x,r,<J.) 


vdvdadc 


2ir 


0  0 

1  *2  m2 

f(0,v,a)  e“K  /Do  vdvda 
TTb 


(185) 


where  f  =  pu^  and  Q  =  -3p/3x.  The  simple  case  where  p  =  p(x)  is  first 
considered.  For  this  case,  the  first  term  in  (185)  can  be  integrated  directly 
with  respect  to  v  and  a  to  give  the  following: 


f  (x,r,<(i) 


OfT/Sx)  dx  + 


f(0.*.<*>  e-R2/^ 

.  2  vdvda 

it  b_ 


This  expression  can  be  rewritten  in  the  form 


f(x,r,$)  +  p (x) 


[f (0,v,a)  +  p(0)] 


vdvda 


Thus,  for  the  simple  case  p  is  a  function  of  x  (axial  distance)  only,  the 
quantity  (pu2  +  p)  represents  the  appropriate  momentum  transport  parameter 
rather  than  just  pu^.  For  a  given  distribution  of  (p  +  pu2) ,  increasing 
static  pressure  will  decrease  pu2  and  vice  versa.  The  qualitative  statement 
can  therefore  be  made  that  reduced  base  pressures  at  the  nozzle  exit  plane 
of  a  multielement  nozzle  will  cause  the  plume  momentum  to  decay  more  rapidly, 
since  the  static  pressure  will  increase  in  the  downstream  direction. 

The  more  general  case  of  radial,  circumferential,  and  axial  variations 
in  static  pressure  requires  numerical  evaluation  of  known,  specified  pressure 
distributions.  Although  the  formulations  presented  herein  have  included  the 
effects  of  static  pressure  variations,  the  numerical  calculation  procedure 
and  associated  computer  program  have  not  been  developed  to  include  these 
effects.  This  is  a  possible  area  for  further  development  of  the  theoretical 
prediction  model. 
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4.5.7  Computational  Procedure 

The  flow  field  solution  described  in  the  preceding  sections  has  been 
reformulated  for  numerical  computations  in  cylindrical  coordinates.  The 
pressure  gradient  terms  have  been  omitted  in  the  present  version.  The 
relevant  equations  in  Cartesian  coordinates  are  as  follows: 


Momentum  Transport: 


^  -  Pe4  =  ^  ff(p j  uj  "  pe  ue) 


e-R2/bra  dr)d? 


(209) 


Heat  Transport: 


puH  = 


ff  lpj  “a  V 


2 

h  drjdC 


(210) 


Shear  Stresses: 


(k ’t)//1” i  "f  -  "e  -I'  (ij  - 1 )  e'R2/b"  ar»“ 


(211) 


\  uj  -  p=  bf  e'B  /b" 


(12) 


’  '  l  //(p  1  “)  -  °e  “e>  ff  p'E2/”*  ^ 


(212) 


where 


R2  »  (y-n)2  +  (z_c)2 


(214) 


m 


xh " 


(215) 


A  bja  dbj 

m  2  dx 


1 


hh  dbh 

2  dx 
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Ch  “  Cm 


V  1  +  Prt 


-  Ch  X 

(216) 

rf-0.097 
(l+c2  Mj) 

(217) 

— 

(218) 

and  Re<j  is  the  Reynolds  number  of  the  nozzle  element  (Pi  uj  dj/pj),  Mj  is 
the  element  Mach  number  (uj/cj),  Prt  is  the  fluid  turbulent  Prandtl  number 
(p  cp/k) j ,  and  ci  and  C2  are  empirical  constants. 

The  above  equations  are  first  transformed  to  cylindrical  coordinates  to 
facilitate  numerical  computations.  A  field  point  P(x,  y,  z)  has  correspond¬ 
ing  cylindrical  coordinates  P(x,  r,  4>).  A  point  in  the  nozzle  exit  plane 
Q(£,  C)  has  corresponding  cylindrical  coordinates  Q(£,  v,  a).  The  pro¬ 
jection  of  the  field  point  P  onto  the  nozzle  exit  plane  is  separated  from  Q 
by  distance  R,  as  shown  in  Figure  4-36.  The  shear  stresses  rr  and  t ^ 
are  related  to  the  Cartesian  components  ry  and  rz  by  the  following 
expressions: 


Tr  *  Ty  cos  <p  +  Tz  sin  <t> 


-  tz  cos  <f>  -  Ty  sin  <J> 


(219) 


Utilizing  the  above  expressions  and  the  geometric  relationships  noted  in 
Figure  4-36,  the  following  set  of  equations,  in  cylindrical  coordinates,  is 
obtained: 


Momentum  Transport: 


A'  ■  k  //'v 


2,  -R  /b 

-  P  u  )e 

e  e 


2 

m  vdvda 


(220) 


Heat  Transport: 


puH 


„b l  ff  ‘ViV-*  /bh  v,lvd“ 


(221) 
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Shear  Stresses: 


T 


X 


T 

r 


m 


2 

m  vdvda 


2.  £  .  -R/b  .  . 

p  u  )  b  cos  $  e  m  vdvda 

e  e  m 


2,  R  .  ,  -R  /b  ,  , 

p  u  )  —  sin  4  e  in  vdvda 
e  e  d 

m 


(222) 


(223) 


(224) 


where  $  is  the  angle  between  vectors  r,  and  R,  and  is  given  by  the  relation: 

R  cos  4>  =  r  -  v  cos  ($  -  a)  (225) 

The  integrations  indicated  in  the  above  expressions,  over  the  exit-plane 
area,  are  carried  out  with  r  and  $  held  constant.  This  integration  can  be 
replaced  by  an  equivalent  integration  with  respect  to  the  variables  R  and  4>. 
Thus  the  quantity  vdvda  in  the  above  expressions  is  replaced  by  RdRd$. 

Consider  a  nozzle  of  arbitrary  planform  shape  as  shown  in  Figure  4-37. 
The  flow  properties  are  assumed  to  be  uniform  over  the  nozzle  exit  plane, 
having  values  (pj,  uj,  Hj)  inside  the  closed  contour  and  (pe,  ue,  Hg) 
outside  the  closed  contour.  The  area  integrations  over  the  nozzle  exit 
plane  possess  non-zero  contributions  only  within  the  nozzle  contour  boundary. 
The  integration  with  respect  to  R  can  be  evaluated  analytically  in  equations 
(221)  through  (224),  reducing  these  expressions  to  a  contour  integral  around 
the  boundary,  where  #  is  the  integration  variable  and  R  -  Rq  ($)  defines  the 
contour  shape.  Integrating  equations  (221)  through  (224)  with  respect  to  R 
over  the  interval  0  <  R  <  Rq,  the  following  expressions  are  obtained: 


Momentum  Transport: 

Pu7  -  Peue  -  ^  Pj  uj  -  pe  Ug  )  [l  -  e"R°/b®]  d  * 


(226) 


z 


Figure  4-37.  Example  of  Non-Circular  Nozzle  Contour 
Boundary. 
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In  the  above  expressions,  the  integration  if  is  taken  around  the  closed 
boundary.  If  there  are  several  nozzle  elements,  as  in  the  case  of  a  multi- 
tube  nozzle,  illustrated  in  Figure  4-38a,  the  integration  is  performed  over 
each  of  the  boundary  contours  defining  each  element,  summing  the  contribu¬ 
tions  of  each  element  to  arrive  at  the  total  contribution  at  a  given  field 
point  P.  If  a  given  contour  surrounds  nozzle  another  contour,  as  in  the 
case  of  a  coannular  nozzle  (Figure  4-38b),  the  outer  contour  integration  is 
carried  out  as  before,  with  (pj,  uj ,  Hj)  set  equal  to  (p^,  u^,  H*),  respec¬ 
tively,  i.e.,  the  exhaust  plane  conditions  inside  the  inner  contour.  How¬ 
ever,  for  the  inner  contour  integration,  the  values  of  (pe,  Ue,  He)  are 
replaced  by  (p0,  u0,  H0);  the  idea  is  to  compute  the  diffusion  of  momentum, 
heat,  etc.,  between  the  fluids  inside  and  outside  of  a  given  boundary  con¬ 
tour.  The  contributions  of  the  inner  and  outer  boundary  contour  integra¬ 
tions  are  then  summed  as  before,  to  give  the  total  contribution  at  a  given 
field  point  P. 
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Given  a  nozzle  planform  geometry  and  exit  plane  flow  conditions,  the 
quantities  (pu2,  puH,  tx,  Tr,  and  t<j,)  can  be  computed  at  all  field  points  P 
of  interest  throughout  the  jet  plume,  utilizing  equations  (226)  through 
(230)  in  the  above-described  procedure.  To  evaluate  the  corresponding 
variables  (p,  u,  T)  at  each  point,  consider  the  definition  of  puH: 

puH  =  <^pu  [CpT  -  CpTe  +  u2/2])  (231) 

where  < . >  denotes  a  time  average.  From  perfect  gas  relations, 

puCpT  =  pu;  defining  the  variable  i|>  as 


<P  =  pCpT  +  j  pu" 


p  +  4  pu2 


(232) 


equation  (231)  can  then  be  approximated  by  the  following: 


puH  :  i)i  u  -  Cp  Te  pu 


Multiplying  through  by  u  and  making  a_further  assumption  that  pu  •  u  r  pu2, 
the  following  quadratic  equation  for  u,  in  terms  of  puH  and  pu^  is  obtained: 


ip  u2  -  (puH)  u  -  C0  Te  (pu2)  =  0 


Where  is  given  by  equation  (232).  Solving  the  above  for  u. 


(233) 


77  =  .PUH  +  /(PuH)2  +  CP  TP  (pu2) 

2ip  sj  4ij/2  $ 


Having_computed  u  from  equation  (234),  the  remaining  mean  flow  parameters 
p  and  T  are  evaluated  from  the  relations 


p  =  t  =  £~ 

u2  ’  pR 


(235) 


where  R  is  the  universal  gas  constant.  The  turbulence  intensity  u'  is  then 
computed  from  a  relation  analogous  to  (208),  as  follows: 


p  (u')2  =  /ir2  +  t a2  +  (10  t  )2 


(236) 
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The  factor  of  10  (as  mentioned  previously)  in  the  above  expression  was 
derived  from  matching  this  equation  to  experimental  data  for  a  round  nozzle 
at  low  Mach  number,  along  the  jet  centerline.  To  see  this  more  clearly, 
consider  a  round  jet  of  radius  a,  and  evaluate  equations  (228)  through  (230) 
along  the  centerline  r=0.  Then  R0  =  a,  a  constant,  and  the  integrations 
result  in  the  following: 


2 

peue 


a  2 

b? 


(237) 


and  =  ta  =  0.  Substituting  the  above  into  equation  (236)  gives  the 
following  expression  for  the  turbulence  intensity  along  the  centerline  of  a 
cold  (p  ;  pj  =  pe)  round  jet: 


(u')2=  io  c; 


(Uj  "  Ue) 


a2  — a^/b 
— «  e  m 

b2  e 
m 


(238) 


By  virtue  of  the  relation  bn,  =  (^x,  this  expression  duplicates  quite  well 
the  experimentally  observed  dependence  of  u'  on  axial  distance  along  the 
centerline. 

A  modification  to  this  computational  procedure  has  been  developed  for 
nozzles  with  a  centerbody  or  plug,  as  illustrated  in  Figure  4-39.  The  modi¬ 
fication  consists  of  a  transformation  and  stretching  of  the  radial  coordinates 
r  and  v,  such  that  the  centerbody  or  plug  surface  is  transformed  to  a  "needle" 
lying  along  the  x-axis.  The  stretching  is  incorporated  to  maintain  constant 
annulus  area  between  the  circles  r  =  constant  and  v  =  constant.,  respectively. 
The  transformation  and  stretching,  illustrated  in  Figure  4-39,  essentially 
forces  the  flow  to  follow  the  centerbody  contour,  with  a  vanishing  normal 
gradient  in  flow  properties  on  the  plug  surface.  No  boundary  layer  develop¬ 
ment  is  calculated  on  the  centerbody  surface,  although  an  effective  contour 
which  includes  surface  boundary  layer  displacement  thickness  can  be  input  to 
the  calculation.  Streamline  curvature  effects  due  to  centerbody  curvature 
are  not  accounted  for.  The  centerbody  geometry  can  be  defined  by  the  radial 
coordinate  of  the  surface  as  a  function  of  x,  r0  =  rD(x).  The  nozzle  contour 
boundary  integrations  required  in  evaluating  equations  (226)  through  (230) 
contain  R('t>),  which  can  be  written  in  terms  of  r  and  v0  through  equation 
(186), 

2  2  2 

R  =  r  +  v  -  2rv  cos (6  -  a  ) 
o  o  o 

This  can  be  rewritten  in  the  form 

=  (r  -  v  )^  +  2rv  [1  -  cos(<j>  -  a  )] 
o  o  o 
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(a)  Actual  Centerbody  Geometry 


(b)  Transformed  Plane  Geometry 


Figure  4-39.  Coordinate  System  Transformation  for  Nozzles 
with  a  Plug/Centerbody . 
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When  a  centerbody  is  present,  r  and  v0  are  replaced  by  Ar  and  Av,  defined  as 
follows: 


Ar  =/r2  -  r2(x) 

r 2  2 

VVo‘ro(0) 

so  that  =  (Ar  -  Av)^  +  2  Ar  Av  [1  -  cos  (<j>-ot)  ] . 

Note  that  vQ  and  aQ  are  the  cylindrical  coordinates  of  the  nozzle  con¬ 
tour  which  surrounds  the  centerbody.  This  transformation  and  stretching  is 
similar  to  the  von  Mises  transformation  for  laminar  boundary  layers  (see 
Schlichting^®-* ,  p.  136),  where  the  (x,r)  -  coordinates  are  transformed  to 
(x,  i^) -coordinates;  p  being  the  stream  function  defined  by  our  =  3^/ 9r 
and  pvr  =  -dip/dx. 

For  cases  where  nozzle  elements  are  not  coplanar,  an  additional  modifi¬ 
cation  has  been  devised.  This  modification  consists  of  replacing  x  by  (x-xe) , 
where  xe  is  the  axial  location  of  the  exit  plane  of  the  particular  nozzle 
element  for  which  the  boundary  contour  integration  is  being  evaluated.  Each 
nozzle  element  can  have  a  different  value  of  xe  (a  coplanar  nozzle  would  have 
all  nozzle  elements  at  the  same  xe,  e.g.,  xe  =  0) ,  as  long  as  the  mixing 
zones  of  any  one  element  do  not  impinge  or  "cross"  the  surface  of  any  other 
element  in  the  nozzle  array.  Figure  4-40  illustrates  the  possible  types  of 
non-coplanar  nozzle  configurations  which  can  be  analyzed,  and  also  shows 
configurations  which  will  result  in  an  erroneous  answer. 
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4.5.8  Comparisons  of  Predictions  with  Experiment 

Several  comparisons  have  been  made  of  the  distributions  of  mean  velocity 
u  and  turbulence  intensity  u'  in  turbulent  jets.  The  experimental  measure¬ 
ments  were  made  on  single  round  jets  and  twin  round  jets  using  a  laser  veloc- 
imeter  (LV).  These  measurements  are  reported  in  Section  5.7.  The  prediction 
procedure  described  in  the  previous  section  was  exercised  and  the  results 
were  compared  with  the  measured  distributions.  Details  of  the  computation 
procedure  and  associated  FORTRAN  computer  program  are  given  in  Section  4.7 
and  in  the  supplementary  volume  of  this  report. 

The  first  set  of  data/theory  comparisons,  for  a  1.5- inch  diameter  con¬ 
vergent  round  nozzle,  is  shown  in  Figures  4-41  through  4-45.  Figure  4-41 
shows  predicted  and  measured  centerline  distributions  of  mean  velocity  tTc. 

Two  cases  are  shewn:  (1)  Tjj  =  530°  R,  and  (2)  Tjj  =  1160°  R.  Both  cases 
have  the  same  exit  Mach  number  Mj  =0.98.  Note  that  the  hot  jet  decays  more 
rapidly  than  the  cold  jet,  and  this  is  predicted  by  the  theory.  Shown  in 
Figures  4-42  and  4-43  are  radial  distributions  of  mean  velocity  IT  and  tur¬ 
bulence  intensity  u',  respectively,  at  several  axial  stations,  for  case  (1), 
the  cold  round  jet.  The  corresponding  radial  distributions  of  u  and  u'  for 
case  (2),  the  heated  round  jet,  are  shown  in  Figures  4-44  and  4-45,  respec¬ 
tively.  In  general,  the  mean  velocity  profile  predictions  compare  well  with 
the  experimental  measurements.  There  is  less  satisfactory  agreement  for  the 
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turbulence  velocity  profiles  (Figures  4-43  and  4-45),  although  the  predicted 
shapes  and  relative  changes  with  axial  distance  appear  to  qualitatively 
exhibit  the  experimental  trends. 

Several  data/theory  comparisons  were  made  on  a  twin  parallel  round  jet; 
the  configuration  details  and  experimental  measurements  are  described  in 
Section  5.7.  Some  of  these  comparisons  are  shown  in  Figures  4-46  through 
4-52.  The  jet  element  centerline  mean  velocity  decay  comparisons  are  shown 
in  Figure  4-46  for  a  tube  element  spacing-to-diameter  ratio  of  1.33;  exit 
plane  Mach  number  is  again  Mj  =  0.98,  for  (1)  Tfj  =  530°  R  (cold  jet),  and 
(2)  Txj  =  1160°  R  (hot  jet).  Some  sample  mean  velocity  (u)  profiles  for  the 
(1)  cold  jet  and  (2)  hot  jet  are  shown  in  Figures  4-47  and  4-48,  respectively. 
The  corresponding  turbulence  intensity  (u’)  profiles  are  shown  in  Figures 
4-49  and  4-50.  Finally,  some  mean  and  turbulence  velocity  profiles  are  shown 
in  Figures  4-51  and  4-52,  respectively,  for  a  larger  element  spacing-to- 
diameter  ratio  of  3.333. 

In  general,  the  results  of  the  data/theory  comparisons  shown  in  Figures 
4-46  through  4-52  for  the  twin  round  jet  configurations  indicate  that  the 
diffusion  and  merging  of  the  two  jets  is  less  rapid  (with  respect  to  axial 
variations)  than  predicted  by  the  theory,  i.e.,  the  coalescence  of  the  two 
jets  into  one  is  observed  to  occur  further  downstream  than  is  predicted  by 
the  theory.  The  diffusive  effects  are  over-emphasized  in  the  Reichardt 
approach  to  turbulent  flow  modeling,  a  characteristic  which  had  been  rec¬ 
ognized  before. 

Laser  velocimeter  measurements  have  also  been  carried  out  in  Tasks  3  and 
4  of  this  program,  on  several  jet  nozzle  configurations.  Comparisons  of 
theoretical  predictions  with  these  sets  of  data  are  covered  in  depth  in  the 
Task  3  final  report.  However,  it  is  appropriate  to  present  some  of  these 
results  herein,  as  they  illustrate  some  of  the  key  features  of  the  theory. 

The  first  example,  taken  from  Task  4  LV  measurements,  is  for  a  conical 
nozzle.  Mean  velocity  profiles  and  turbulence  velocity  profiles  are  shown 
in  Figures  4-53  and  4-54,  respectively.  This  example  is  shown  because  it 
shows  comparisons  at  many  more  axial  stations,  and  also  represents  data  from 
a  different  facility  and  measurement  system.  These  comparisons  show  much 
better  agreement  between  theory  and  experiment  than  those  shown  in  Figures 
4-44  and  4-45.  At  least  part  of  the  improved  agreement  can  be  attributed  to 
better  data  quality. 

The  second  example,  taken  from  Task  3  experiments,  is  a  plug  nozzle, 
i.e.,  a  round  nozzle  with  a  tapered  centerbody.  Mean  velocity  profiles  are 
shown  in  Figures  4-55  and  4-56,  respectively.  These  comparisons  show  good 
agreement  between  theory  and  experiment,  and  lend  confidence  to  the 
transformation/stretching  technique  used  to  modify  the  Reichardt  theory  for 
predicting  jet  flows  with  a  centerbody. 

The  third  example,  selected  from  the  Task  3  experiments,  is  a  coplanar, 
coannular  nozzle  with  an  outer-to- inner  area  ratio  of  0.65.  The  outer-to- 
inner  velocity  ratio  at  the  nozzle  exit  plane  is  2.0.  Figure  4-57  shows  mean 
velocity  profile  comparisons,  while  Figure  4-58  shows  turbulence  velocity 
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Figure  4-58b. 


Comparison  of  Experimental  and  Predicted  Turbulence  Intensity 
Profiles  for  a  Coplanar  Coannular  Jet  AR  =  0.647; 


Vfan  =  2400  ft/sec;  Vcore 
TTcore  =  994°  R. 


1200  ft/sec,  TTfan  -  1603°  R; 
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comparisons.  There  are  two  predictions  shown  in  these  figures.  The  solid 
line  represents  predictions  made  with  the  origin  x  =  0  located  at  the  nozzle 
exit  plane,  as  is  conventional  practice.  However,  it  may  be  noted  from  the 
experimental  measurements  in  Figure  4-57  that  full  expansion  to  isentropic 
velocities  does  not  occur  until  some  distance  downstream  of  the  nozzle  exit 
plane.  This  is  because  the  outer  stream  pressure  ratio  is  considerably 
higher  than  the  choking  value,  causing  external  expansion  downstream  of  the 
nozzle  exit  plane.  Since  the  outer  stream  static  pressure  is  transmitted  to 
the  inner  stream,  the  inner  stream  pressure  ratio  is  controlled  by  the  outer 
stream  static  pressure  variation  and  does  not  reach  full  expansion  pressure 
ratio  until  the  outer  stream  static  pressure  has  reduced  to  the  ambient 
value.  From  the  mean  velocity  profile  measurements  shown  in  Figure  4-57, 
full  expansion  occurs  at  x  =  0.85  Dc.  A  first  approximation  to  modeling  this 
effect  is  to  merely  shift  the  origin  of  the  calculation  to  xe  =  0.85  Dc  for 
both  inner  and  outer  streams.  This  calculation  is  shown  as  the  dashed  line 
in  Figures  4-57  and  4-58.  It  can  be  seen  that  this  modification  gives  much 
better  agreement  with  the  measurements.  This  example  was  chosen  to  illus¬ 
trate  the  possible  consequence  of  supercritical  pressure  ratio  jets  and  show  r 
how  one  can  still  utilize  the  present  theory  to  model  such  flows. 

The  final  data/ theory  comparison  included  in  this  section  is  shown  in 
Figure  4-59.  Here  the  centerline  distribution  of  turbulence  velocity  for  a 
conical  subsonic  jet  as  predicted  by  equation  (236)  is  shown,  along  with  the 
jet  centerline  measurements  from  Figure  4-54.  The  general  shape  is  predicted 
quite  well,  lending  confidence  to  the  assumed  model  given  by  equation  (236). 


4.5.9  Concluding  Remarks 


The  preceding  sections  have  attempted  to  present  a  rather  complete 
treatment  of  modeling  complex  jet  flows  by  an  adaptation  and  extension  of 
Reichardt's  method.  The  method  is  quite  general  in  that  it  is  capable  of 
analyzing  momentum  and  heat  transport  (as  well  as  species  concentration,  as 
discussed  by  Alexander,  et  al.^9).  The  samples  of  data/theory  comparisons 
shown  herein  have  demonstrated  that  it  is  a  reasonably  accurate  procedure. 

It  is  conceivable  that  a  much  more  refined  turbulence  model  could  be 
developed  within  the  framework  of  Reichardt's  method  by  employing  the  gen¬ 
eralized  transport  equation  approach  of  Launder  and  Spalding(^7) .  Transport 
equations  of  the  diffusion  type  for  such  turbulence  properties  as  kinetic 
energy,  mixing  length,  Kolmogorov  frequency,  etc. ,  could  be  developed  and 
incorporated  into  the  general  computational  procedure,  eliminating  the  need 
for  some  of  the  assumptions  and  approximations  made  in  Section  4.5.5.  This 
would  be  no  easy  task  since  the  present  state  of  the  art  in  so-called  two- 
equation  models  of  turbulence  is  only  now  beginning  to  show  promise  of  pro¬ 
viding  meaningful  results.  The  benefit,  aside  from  having  a  hopefully  more 
accurate  prediction  of  turbulence  intensity,  length-scale,  characteristic 
frequency,  etc.,  would  be  the  ability  to  account  for  upstream  history.  The 
present  method  does  not  recognize  the  presence  of  turbulence  generated  up¬ 
stream  of  the  nozzle  exit  plane,  and  only  predicts  the  turbulent  stresses 
generated  at  a  point,  ignoring  the  contributions  convected  from  upstream 
points  in  the  flow. 
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The  effects  of  solid  surfaces  (plugs,  centerbodies,  shrouds,  etc.)  in 
the  jet  plume  can  be  more  rigorously  modeled  if  a  finite-difference 
(downstream-marching)  technique  is  employed.  This  would  also  relieve  some  of 
the  restrictions  on  non-cop lanar  nozzle  elements  currently  present  in  the 
model  computation  procedure.  An  additional  advantage  to  the  finite-difference 
solution  method  would  be  the  capability  for  analyzing  internal  mixer  nozzle 
flows.  The  abandonment  of  the  closed-form  solution  method,  however,  would 
probably  only  be  practical  for  axisymmetric  nozzles;  i.e.,  the  fully  three- 
dimensional  jet  finite-difference  computation  could  be  too  ambitious  and 
costly  an  undertaking  for  the  benefits  to  be  gained. 
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4.6  SHOCK-CELL  NOISE 


4.6.1  Introduction 

Shock-cell  broad-band  noise  is  a  dominant  contributor  to  the  acoustic 
far  field  of  high  velocity  conical  nozzle  jets  operating  at  highly  super¬ 
critical  pressure  ratios.  A  theoretical  model  of  the  shock-cell  noise  mechanism 
has  been  proposed  by  Harper-Bourne  and  Fisher(69)  and  it  is  very  successful 
in  predicting  the  characteristic  features  of  conical  nozzle  jet  noise  for 
supercritical  pressure  ratios,  in  the  forward  arc  where  jet  mixing  noise  is 
low  relative  to  the  shock-cell  noise  contribution. 

Recognizing  the  importance  of  this  noise  mechanism  for  high  velocity 
jets,  a  study  was  undertaken  to  extend  the  basic  principles  developed  for  the 
conical  nozzle  jet  to  noncircular  nozzles,  i.e.,  coannular,  multilobe,  multi¬ 
tube,  etc.,  applicable  to  mechanically  suppressed  exhaust  systems.  In 
addition,  the  influence  of  aircraft  motion  on  shock-cell  noise  was  studied 
and  assessed.  An  extension  to  the  Harper-Bourne/Fisher  (HBF)  model  was 
formulated  to  predict  noncircular  nozzle  shock-cell  noise,  based  on  examinat¬ 
ion  of  shock-cell  noise  characteristics  of  a  wide  variety  of  nozzle  shapes. 

The  work  summarized  herein  begins  with  a  review  of  the  conical  nozzle 
shock-cell  noise  mechanisms  as  proposed  by  HBF;  the  shock-cell  noise  scaling 
principles  arising  from  the  theoretical  model  are  te  ted  using  experimental 
data  obtained  as  part  of  this  program.  A  semiempirical  prediction  method  is 
discussed  which  permits  rapid  computation  of  shock-cell  noise  spectra  for 
conical  nozzles.  Utilizing  experimental  measurements  from  a  free-jet  facility, 
the  effects  of  forward  motion  on  shock-cell  noise  source  alteration  are 
assessed.  Following  the  work  on  conical  nozzles,  the  experimentally-observed 
characteristics  of  the  shock-cell  noise  produced  by  noncircular  nozzles  are 
examined  and  correlated.  Based  on  these  studies,  an  extension  of  HBF  theory 
to  noncirculnr  nozzles  is  formulated.  Finally,  a  prediction  procedure  applicable 
to  mechanically  suppressed  exhaust  systems  in  flight  is  proposed,  and  suggestions 
for  further  work  are  made. 


4.6.2  Review  of  a  Theoretical  Model  for  Conical  Nozzles 

The  physical  process  by  which  shock-cell  noise  is  generated,  as  proposed 
by  HBF,  is  described  as  follows.  In  a  convergent  nozzle  operating  at  super¬ 
critical  pressure  ratios,  a  pattern  of  regularly  spaced  shock  formations 
exists.  These  shock  patterns  divide  the  plume  into  cells,  as  shown  schematically 
in  Figure  4-60.  The  spacing  and  strength  of  these  shocks  diminish  in  the 
downstream  direction  due  to  the  mixing  of  the  jet  plume  with  the  ambient  air. 

The  mixing  process  also  produces  turbulence  in  the  form  of  statistically 
regular  eddies  which  convect  downstream  with  the  flow.  As  these  eddies  pass 
through  (or  by)  the  shock  fronts,  they  disturb  the  shocks,  causing  them  to 
emit  acoustic  waves.  The  acoustic  waves  from  the  various  shock  cells  can 
constructively  or  destructively  interfere,  depending  on  the  shock  spacing, 
the  eddy  convection  velocity,  and  the  life-time  of  a  given  eddy. 
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As  mentioned  above,  the  primary  physical  mechanism  for  the  production  of 
broad-band  noise  by  the  presence  of  shock  cells  in  the  jet  plume  is  the 
emission  of  acoustic  waves  by  the  shock  fronts  as  they  are  "disturbed"  by  the 
passage  of  turbulent  eddies  through  and/or  by  them.  The  eddies,  produced  in 
the  mixing  layers  of  the  plume,  are  themselves  unsteady  fluctuating  "blobs" 
of  vorticity,  so  that  the  emitted  acoustic  waves  from  the  shocks  have 
characteristics  which  are  related  to  the  unsteadiness  of  the  turbulent  dis¬ 
turbances,  i.e.,  their  characteristic  frequency  and  amplitude.  The  strength 
of  the  emitted  wave  must  also  be  a  function  of  the  shock  strength.  The 
process  is  similar  to  the  linear  "transfer  function"  model  of  Ribner(?0), 
where  a  vorticity  wave  of  given  amplitude  and  frequency  is  input  to  a  shock, 
and  the  output  is  a  transmitted  vorticity  wave,  an  internally  generated 
entropy  wave,  and  a  pressure  (acoustic)  wave. 

Each  shock  in  the  jet  plume  emits  acoustic  waves  in  a  random  or  broad¬ 
band  fashion,  related  to  the  randomness  of  the  disturbing  turbulence.  The 
far-field  time-average  correlation  of  this  emission,  after  summing  the  contribu¬ 
tions  from  all  the  shocks,  produces  a  spectrum  made  up  of  two  basic  components. 
First,  the  sum  of  the  mean-square  pressure  signals  from  each  shock  produces  a 
"group  spectrum"  which  is  rather  broadband  in  character,  similar  to  a  jet 
mixing  noise  spectrum.  The  second  component,  referred  to  as  the  "interference 
spectrum",  results  from  the  selective  reinforcement  and  cancellation  which 
occurs  between  emitted  waves  from  neighboring  shocks.  The  superposition  of 
these  two  components  results  in  the  rather  "peaky"  spectrum  shape  observed 
for  shock-cell  noise.  This  is  illustrated  in  Figure  4-61. 

Harper-Bourne  and  Fisher(69)  (HBF)  proposed  a  model  based  on  the  assumption 
that  each  shock  cell  is  effectively  a  stationary  (relative  to  the  nozzle) 
emitter  of  pressure  waves  of  the  form 


P  (t)  '  A  (oi)cos  f u)(t-xrl/Uc)  ] 
n  n  “ 


(240) 


where  Pn(t)  is  the  unsteady  pressure  at  time  t  generated  by  the  nth  cell  (or 
source),  as  it  is  disturbed  by  a  turbulent  eddy  passing  through  it  (at  a 
convection  speed  Uc,  oscillating  at  frequency  u>) .  Here  xn  denotes  the  axial 
distance  downstream  from  the  nozzle  exit  of  the  nth  cell,  and  An(w)  denotes 
the  amplitude  of  the  pressure  wave.  The  pressure  in  the  far  field  at  a 
distance  rQ  from  the  nozzle  exit  plane  and  distance  rn  from  the  source  is 
then  expressed  as 


A  (w) 

P  (r  ,  0.,  t)  =  — —  cos[a)(t-x  /U  -r  /a  )]  (241) 

noi  r  ncno 


where  a0  is  the  ambient  speed  of  sound.  Note  that  xn/Uc  is  just  the  time 
taken  for  an  eddy  to  travel  from  the  nozzlt  lip  to  the  nth  cell,  and  rn/ac  is 
the  time  required  for  the  generated  pressure  wave  to  reach  the  observer. 

Also,  0i  is  the  observer  angle  with  respect  to  the  upstream  axis  of  the 
nozzle,  shown  in  Figure  4-62. 


\v 


192 


By  summing  the  contributions  over  all  cells,  squaring  and  forming  a 
time-average,  the  mean-square  pressure  level  in  the  far  field  was  shown  by  HBF 
to  have  the  form 


9i.  w) 


X  XI  An(w)Am(w) 

n  m 


x  cos  ((uj/U  )(x  -x  )(1+M  cos  Q.)] 
c  n  m  c  1 


(242) 


where  Mc  =  Uc/a0.  From  equation  (242)  it  can  be  inferred  that  the  sound 
level  will  have  a  maximum  when 


7T  (x  )(1+MC  cos  ei)  =  2n 

Uc  n  m  L  1 

and  multiples  thereof.  This  implies  that  the  spectrum  will  peak  at  a  frequency 
fp  given  by 

w  U 

£p  =  2^  =  L(l+M  cos  0±)  (243^ 

c  x 

where  L  =  xn  -  xm  is  the  shock-cell  spacing  between  two  adjacent  cells.  The 
peak  frequency  expression  given  by  equation  (243)  agrees  quite  well  with 
experimental  shock  noise  spectrum  peaks,  as  demonstrated  by  HBF.  For  round 
nozzles,  it  was  found  that  the  shock  cell  spacing  (for  the  nth  cell)  was 
related  to  nozzle  diameter  and  pressure  ratio  as  follows: 

L  =  L,  -  (n-l)AL  ] 
n  1  I 

where  =  1.31  3D  1  (244) 

and  AI.  =  0.06  L,  ) 


The  average  spacing  L;JVg  appropriate  to  estimating  peak  frequency  in  equation 
(243)  is  given  by 


L  =  1.1  PSD 
avg 


(245) 


where 


1 


(246) 
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The  nozzle  diameter  is  D,  and  the  ideally-expanded  (Isentropic)  Mach  number 
Mj  is  given  by 


where  y  is  the  ratio  of  specific  heats,  Pxj  is  the  nozzle  stagnation  pressure, 
and  Pc  is  the  ambient  static  pressure. 


In  order  to  completely  define  the  spectrum,  HBF  employed  cross-correlation 
of  fluctuations  measured  at  various  shock  cell  locations  using  Laser-Schlieren 
techniques.  These  measurements,  along  with  certain  similarity  assumptions, 
defined  the  products  An(m)  Am(w)  for  all  combinations  of  m  and  n,  in  terms  of 
a  normalized  "group  source  spectrum"  and  a  normalized  cross-correlation 
"interference"  spectrum.  If  we  set  n  =  m,  equation  (242)  yields  the  simple 
form 
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This  is  the  autocorrelation  or  group  source  spectrum  which  would  result  if 
there  were  no  constructive  or  destructive  interference  effects.  We  now 
define 

N 


and 


£  <“> 

(249) 
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5  A  (ou)  A  (id) 
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The  double  summation  over  (m,  n)  can  be  replaced  by  a  summation  over  (n,i), 
where 


i  =  n-ra 


The  summation  matrix  is  graphically  Illustrated  in  the  sketch  below: 


Since  i  =  0  gives  the  A0 (oj)  =  component,  and  since  A,„(ui)  Ajj  (w)  =  An(u)Ajn(u) ,  and 
since  cos(-<}>)  =  cos(iji),  the  summation  in  equation  (242)  can  be  written  as 
follows: 
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Now  from  Figure  4-60  and  equations  (244)  it  can  be  seen  that 
n-l 

I  AT 

x  =  L- 
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x  =  L, 
m  1 


J=o 
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From  the  relationship  Ej  =y  J(J+1)  it  can  be  shown  that  equation  (252)  yields 


j  =  l 

the  following  expression  for  x^  -  x^: 


x  -x  =  i  L,  [  1-7T  e(2n+i-l)l  ,  c  =  AL/L-, 
n  m  1  z 


(253) 


Substituting  equation  (253)  into  (251)  yields  the  following  form  for  the  far- 
field  sound  pressure  spectrum: 

N-l  N=i 
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(254) 
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The  cross-correlation  spectrum  Anm(w)  was  assumed  by  HBF  to  be  related  to  the 
average  A0(w)  per  cell,  i.e.. 


Anm(u))  =  N  Ao(u))  Ci(u0 


(255) 
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where  C^(u)  is  the  cross-correlation  spectrum  beteeen  any  two  cells  m  and  n, 
dependent  only  on  the  difference  i  =  n  -  m.  From  the  Laser-Schlieren  measure¬ 
ments,  HBF  deduced  that  C^(a))  should  possess  the  form 


Ci(u)  =  c“  (w) ,  a  =  i2 


(256) 


and  C^(w)  is  the  correlation  spectrum  between  any  two  adjacent  cells  (i  =  1) . 
The  functions  ^(w)  and  Ci(w)  were  determined  empirically.  The  overall  sound 
pressure  is  given  by 

ro 

~~2  f  ~  2 

P  (ro*  °  J  P  (ro’  6i’  ^  d“ 
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By  assuming  that  the  interference  terms  in  equation  (254)  contribute  negligibly 
to  the  integration,  it  is  seen  that  [HBF^^)], 

1  00 

p2  <V  °i^  =  2r2  f  \,<“>  du) 
o  J  ° 
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It  was  found  empirically  by  HBF  that 


OASPL  =  158.5  +  10  log,.  [ (D/r  )2  $*] 
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where  6  =  2  -  l'  .  Hence 
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HBF  assumed  a  form  for  A  (co)  as  follows: 

o 


A0(“)  "  f(PTj/Po)  Ho<“Ll/ao) 


(257) 


(258) 


where  Sn  is  a  Strouhal  number  defined  by  Sn  =  u>Li/a0,  and  H0(Sn)  is  a 
"universal"  spectrum  shape  function.  Noting  that  dw  =  (a0/Li)  dSn,  and 
combining  the  above  two  expressions,  we  find  that 
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Since  the  integral  in  the  above  is  just  a  constant,  it  is  found  that 

f(PTj/po)  '  LjD2^/ aQ  (259) 

HBF  further  simplified  equation  (259)  by  substituting  L-^  from  (244)  to  give 
f  ~  but  this  is  only  correct  for  a  conical  nozzle,  whereas,  equation 

(259)  is  more  general.  It  can  further  be  shown  that,  by  integrating  equation 
(254)  over  a  bandwidth  A u>,  the  one-third  octave  spectrum  can  be  obtained  as 
follows : 
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where 


iLi 

K  =  ~~  (1+M  cos  0.) 
U  c  l 


[1-i  r  (2n+i-l)  ] 


(261) 


and  w  =  one-third  octave  center  frequency,  and  b  is  the  percent  bandwidth 
b  =  Aw/wm  =  0.23155. 

From  the  HBF  work,  several  important  features  of  shock  cell  broad-band 
noise  were  revealed,  and  these  are  as  follows: 

(1)  The  overall  level  (OASPL)  is  independent  of  jet  temperature; 

(2)  The  overall  level  (OASPL)  is  omnidirectional,  i.e.,  independent  of 
observer  angle  8^; 

(3)  The  overall  level  (OASPL)  varies  as  the  fourth  power  of  the  shock 
strength  parameter  0  [see  equation  (257)]. 

(4)  The  spectrum  peak  noise  frequency  is  a  function  of  jet  velocity  and 
shock  spacing  [see  equation  (243)]. 
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4.6.3  Review  of  SNECMA  Empirical  Correlation 

An  empirical  correlation  method  for  predicting  shock  cell  noise  of 
conical  nozzles  is  presented  by  SNECMa(71).  The  method  is  based  on  an 
empirical  observation  that  the  shock-cell  noise  component  of  the  far-field 
spectrum  can  be  sufficiently  represented  by  two  straight  lines,  as  illustrated 
in  Figure  4-63.  According  to  SNECMA,  the  low-frequency  side  of  the  spectrum 
has  a  slope  of  -20  dB  per  octave.  In  contrast,  the  high-frequency  side  of 
the  spectrum,  a,  was  found  to  have  a  slope  which  varies  with  B  and  0^,  and 
with  jet  stagnation  temperature,  T^j . 

In  this  empirical  approach,  the  spectrum  peak  frequency  is  determined 
from  the  HBF  relation,  equation  (243).  The  peak  level  is  then  correlated  as 
a  function  of  (3,  0^  and  T-pj .  This  correlation  exhibits  characteristics 
which  differ  from  the  HBF  model  in  the  following  ways: 

1.  Shock-cell  noise  characteristics,  both  peak  level  and  high- 
frequency  spectrum  slope,  depend  on  jet  temperature.  To  be  noted 

is  the  fact  that  this  correlation  displays  a  significant  temperature 
dependence  only  in  the  rear  quadrant  (0p  >  90°),  where  separating 
of  mixing  noise  and  shock-cell  noise  contributions  from  the  total 
noise  is  most  difficult. 

2.  The  overall  noise  level  is  not  omni-directional,  but  the  variation 
is  small. 

3.  The  variation  of  overall  level  with  B  is  not  a  simple  power  de¬ 
pendence. 

Upon  examining  the  data  base  used  for  deriving  the  correlations  presented 
by  SNECMA(71)  ,  it  appears  as  though  the  case  for  a  variable  high-frequency 
spectrum  slope  a  as  a  function  of  B,  8i,  and  Tjj  may  be  overstated.  In  fact, 
a  constant  slope  of  a  =  3  dB  per  octave  appears  to  "fit"  most  of  the  data 
quite  well,  and  additionally  agrees  with  the  HBF  model.  Similarly,  it  is 
felt  that  the  data  base  for  the  peak  level  correlation  was  insufficient,  both 
in  quantity  and  consistency  in  trends,  to  conclude  that  there  was  a  significant 
dependence  on  jet  temperature  or  angle. 


4.6.4  Experimental  Correlations  of  Shock-Cell  Noise  for  Conical  Nozzle 

To  verify  the  basic  physical  concepts  of  shock  cell  noise  emission 
proposed  by  Harper-Bourne  and  Fisher^”*',  a  detailed  study  of  experimental 
results  obtained  by  Clapper,  et  al. (72)  was  undertaken  to  isolate  the  shock¬ 
cell  noise  contributions  and  test  the  observed  characteristics  against  the 
HBF  model.  The  acoustic  results  for  a  conical  nozzle  operating  at  turbojet 
cycle  conditions  were  first  examined. 

Scale-model  test  results  for  a  3.56-inch  (9.04  cm)  nozzle  are  summarized 
in  Figure  4-64.  Shown  are  OASPL  versus  V^/ aD  data  at  observer  angles  of 
=  30°,  90°,  and  150°.  Also  shown  are  best-fit"  lines  representing  Vj 
scaling,  as  would  be  predicted  by  the  classical  Lighthill(^)  result  for  jet 
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mixing  noise.  It  can  be  seen  from  this  figure  that  overall  sound  pressure 
level  (OASPL)  obeys  the  Vj  -  rule  quite  well  for  Vj /aQ  <  1.6.  Above 
Vj/aD  =  1.6,  the  OASPL  falls  below  the  Vj®  -  rule  for  0^  =  90°  and  150°, 
while  at  0i  =  30°,  the.  data  first  drops  below  the  "Lighthill"  line,  then  rises 
above  it  for  Vj/a0  >  2.0.  This  is  at  first  glance  puzzling,  since  no 
"violent"  departure  from  the  classical  result  is  apparent,  even  though  the 
high  velocity  data  correspond  to  supercritical  pressure  ratios  where  the 
HBF'®^ '  theory  would  predict  shock  cell  noise  to  be  predominant.  However, 
since  this  data  corresponds  to  variations  in  P^j  and  T^j  simultaneously 
(simulating  a  J85  engine  operating  line),  jet  temperature  effects  on  mixing 
noise  are  actually  confusing  the  picture. 

To  clarify  this  point,  the  results  in  Figure  4-64  were  normalized  for 
jet  temperature  effects  via  the  density  exponent  method  proposed  by  Cocking'  ' 
as  follows: 


OASPL  =  OASPL  -  10 
n 


where 


id  =  0.44  +  4.60  l°g10  (Vj/aQ) 


(262) 


If  the  temperature  effects  are  properly  corrected  for,  this  normalization 
should  yield  an  adherence  to  the  Vj®  -rule,  provided  only  mixing  noise  is 
contributing.  These  results  are  shown  in  Figure  4-65.  It  can  be  seen  that 
in  fact  the  noise  levels  are  now  higher  than  the  Vj®  -line  at  both  0^  =  90° 
and  30°,  for  Vj/aQ  >1.6  -2.0.  A  closer  examination  of  supercritical  pressure 
ratio  data  (Mj  >  1)  at  0^  =  30°  was  carried  out,  using  the  points  shown  in 
Figure  4-64  plus  additional  test  points  taken  where  temperature  Tjj  was  held 
fixed  and  PTj  was  varied.  These  results  are  shown  in  Figure  4-66,  in  both 
uncorrected  and  normalized  form  [per  equation  (262)].  It  can  be  seen  from 
this  figure  that  the  temperature  normalization  fails  to  collapse  the  data 
onto  a  single  line. 

According  to  the  HBF^^  theory,  the  OASPL  should  be  only  a  function  of 
the  pressure  ratio  parameter  0,  given  by  equation  (246),  The  data  of  Figure 
4-66  was  replotted  versus  0  to  test  this  hypothesis.  The  data  at  0^  =  30° 
should  be  shock-cell  noise  dominated,  since  jet  mixing  noise  is  relatively 
low  at  this  angle.  Figure  4-67  shows  the  normalized  OASPL  as  a  function  of 
3,  while  Figure  4-68  shows  the  unnormalized  OASPL  versus  8.  These  figures 
show  chat  correcting  for  temperature  effects  when  the  noise  is  shock-cell 
dominated  is  the  wrong  thing  to  do.  Figure  4-68  demonstrates  that  OASPL 
correlates  quite  well  with  8;  equation  (257)  derived  by  HBF  is  also  shown  in 
this  figure,  and  the  data  for  all  temperatures  collapse  close  to  this  line 
which  varies  as  S^.  Deviation  from  this  line  occurs  at  low  values  of  6,  as 
expected,  because  the  mixing  noise  begins  to  again  dominate  the  spectrum  as 
the  shock  strength  (as  measured  by  8)  diminishes.  To  complete  the  picture. 
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Figure  4-65.  Normalized  OASPL  Velocity  Dependence 
3.56  in.  Conical  Nozzle,  V  *  0  (J85 
Operating  Line) .  J 


Figure  4-66.  Supersonic  Point  Velocity  Dependence 
3-56  inch  Conical  Nozzle,  V  “0. 

'  ft 


Figure  4-67.  Supersonic  Jet  Normalized  OASPL 
Correlation  with  Shock  Strength 
3.56  in.  Conical  Nozzle,  V  »  0 

’  A 
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the  corresponding  data  for  t>  j  =  60"  and  90°  are  shown  as  a  function  of  6  in 
Figures  4-69  and  4-70,  respectively.  These  I igures  also  show  very  good 
correlation  with  equation  (257)  tor  c -  0.6.  Thus,  to  summarize  these  results, 
the  shock-cell  component  ot  OASPL  derived  t  rom  the  measurements  of  Clapper, 
et  al.  (72)  substantiate  the  HBF  inode  1  with  respect  to  dependence  on  8^*  and 
insensitivity  to  temperature. 

it  shock-cell  noise  is  indeed  dependent  on  v'  and  not  a  function  of 
temperature,  then  the  sound  pressure  level  (SPL)  spectra  for  different  values 
of  T-p  j  but  the  same  Ppj/P0  (and  2)  should  be  the  same.  experimental  SPL 
spectra  at  several  values  ol  i  p  j ,  all  having  r  =  1.08,  are  shown  in  Figures 
4-71  and  4-72  for  0^  =  10°  and  60°,  respectively.  It  can  be  seen  that,  even 
though  jet  velocity  varied  t rom  1900  to  2500  fps  for  these  data  points,  the 
spectra  are  virtually  identical.  Also  shown  on  these  figures  is  the  spectrum 
predicted  by  the  HBF  theory,  equation  (260),  lor  Yt  =  1896  ft/sec.  Calculations 
at  Vj  =  2258  and  2486  ft/s ee  gave  virtually  the  same  results  (See  page  228 
and  Figure  4-98) .  The  agreement  between  theory  and  experiment  is  seen  to  be 
quite  good. 

As  a  final  test  of  the  HBF  theory,  the  peak  noise  frequencies  of  the 
experimental  shock-cell-dominated  test  points  were  compared  with  equation 
(243).  Shown  in  Figure  4-73  are  predicted  and  measured  peak  frequencies  as  a 
function  of  0p  for  one  test  point.  The  agreement  is  excellent  for  Sj/lOO0; 
beyond  0p  =  100°,  mixing  noise  dominates  the  spectrum  and  the  shock-cell 
noise  peaks  are  too  obscured  to  evaluate  from  the  data.  Additional  comparisons 
are  shown  in  Figure  4-74  for  a  lower  jet  temperature,  at  two  values  of  8  (0.725 
and  1.08).  This  comparison  illustrates  how  the  peak  noise  frequency  is 
predicted  and  observed  to  drop  with  increasing  8.  It  should  be  pointed  out 
that  the  predicted  peak  noise  frequency  given  by  equation  (243)  is  a  narrow- 
band  frequency,  whereas  the  experimental  values  are  1/3-octave  values,  so 
that  some  error  is  associated  with  discerning  the  exact  1/3-octave  band  in 
which  the  narrow-band  peak  is  contained. 

Based  on  the  experimental  data  analysis  presented  above,  it  can  be 
concluded  that  the  HBF  theory  is  sufficient  to  explain  all  of  the  significant 
characteristics  of  shock-cell  noise  emission  from  conical  nozzle  underexpanded 
jets. 


4.6.5  Experimental  Assessment  of  Relative  Velocity  Effects  on  Conical 
Nozzle  Shock-Cell  Noise 


Having  established  confidence  in  the  theory  of  Harper-Bourne  and  Fisher (69) 
for  static  conical  nozzles,  the  effects  of  simulated  flight  external  flow 
were  explored.  The  as  measured  test  data  of  Clapper,  et  al.(?2)  were  utilized, 
which  consisted  of  the  same  jet  operating  points  as  those  in  Figures  4-68 
through  4-70  taken  with  several  values  of  free-stream  velocity  V0,  in  a  free- 
jet  wind  tunnel  facility.  The  OASPL  data  for  the  supercritical  nozzle  pres¬ 
sure  ratio  conditions  were  plotted  versus  8  for  0 i  =  30°,  60°,  and  90°,  as 
shown  in  Figures  4-75  through  4-77,  respectively.  The  average  of  the  static 
(V0  =  0)  data  from  Figures  4-68  through  4-70  is  also  shown  for  comparison. 

These  comparisons  indicate  that  the  basic  shock  cell  noise  source  strength 
is  unaltered  by  the  presence  of  external  flow. 
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gure  4-69.  Supersonic  Jet  OASPL  Correlation  with  Shock  Strength  Parameter 
0,  3.56  in.  Conical  Nozzle,  VQ  =  0  and  =  60°. 


Figure  4-70.  Supersonic  Jet  OASPL  Correlation  with  Shock  Strength  Parameter  8, 
3.56  in.  Conical  Nozzle,  VQ  =  0  and  9^  =  90®. 
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Comparison  of  Peak  Noise  Frequency  Figure  4-74.  Comparison  of  Peak  Noise  Predictions 
Predictions  with  Experimental  with  Experimental  Values;  3.56  in. 

Values;  3.56  in.  Diameter  Nozzle,  Conical  Nozzle,  V  =  0. 


Effect  of  Relative  Velocity  on  Supersonic  Jet  Noise  OASPL 
3.56  in.  Diameter  Conical  Nozzle,  0.  =  60°. 


Figure  4-77.  Effect  of  Relative  Velocity  on  Supersonic  Jet  Noise  OASPL 
3.56  in.  Diameter  Conical  Nozzle,  0j  =  90°. 


Comparisons  of  SPL  spectra  at  0  =  1.08  are  shown  for  0^  =  30°  and  60°  in 
Figures  4-78  and  4-79,  respectively.  It  can  be  seen  that  the  spectrum  is  not 
appreciably  affected  by  the  external  flow  velocity.  It  can  be  speculated 
that  the  peak  frequency  fp  should  shift  as  external  flow  velocity  is  in¬ 
creased;  e.g.. 


f 

P 


U  -  0.7  (V.+V  ) 
c  jo 


For  the  test  conditions  shown  in  Figures  4-78  and  4-79,  however,  the  change 
in  peak  frequency  would  only  be  about  10%,  not  large  enough  to  detect  with 
any  certainty  from  1/3-octave  spectra. 

Additional  (but  limited  in  scope)  data  on  a  2. 0-inch  (5.08  cm)  diameter 
conical  nozzle  was  obtained  by  Clapper,  et  al.(^2)>  and  the  data  are  sum¬ 
marized  in  Figure  4-80.  These  data,  although  containing  a  little  more 
scatter,  essentially  substantiate  the  trends  and  conclusions  derived  from 
the  3.56-inch  (9.04  cm)  diameter  nozzle  data  discussed  above. 


4.6.6  Experimental  Evaluation  of  Noncircular  Nozzle  Shock-Cell  Noise 
Characteristics 


In  the  experimental  program  conducted  by  Clapper,  et  al.  an  eight-lobe 
daisy  nozzle  also  was  tested  over  the  same  range  of  operating  conditions 
as  the  conical  nozzles  discussed  in  the  previous  section.  The  supercritical 
data  (Mj  >  1)  for  Vu  =  0  are  shown  in  Figure  4-8]  as  OASPL  versus  B,  for 
severaljet  temperatures.  It  is  seen  that  the  0^  dependency  is  again 
observed,  but  that  the  levels  are  approximately  4  dB  lower  than  that  predicted 
by  equation  (257)  for  an  equivalent  area  conical  nozzle.  The  noise  is  seen 
to  be  independent  of  jet  temperature,  as  is  for  the  conical  nozzle.  Correspond¬ 
ing  SPL  spectra  at  1 (  =  30“  and  60°  are  shown  in  Figure  4-82  for  several  jet 
temperatures.  It  can  be  seen  that  the  high-frequency  portion  of  the  spectra 
(f  >  4KHz)  exhibit  the  characteristics  of  shock  cell  noise  observed  for 
conical  nozzles;  viz.,  invariance  with  jet  temperature  at  constant  value  of 


Based  on  the  operating  conditions  of  the  data  shown  in  Figure  4-82,  the 
peak-noise  frequencies  predicted  by  equation  (243),  utilizing  equation  (245)  to 
estimate  shock  spacing  1.,  are  tabulated  below,  for  the  following  assumptions: 


(1)  I) 

(2)  D 
O)  1) 


1)  equivalent  total 

eq 

i)j  ,  hydraulic  diameter 


I)  ,  equivalent  lobe 
eq  ,  n 


area  diameter  /4A .  / tt 

4Aj  1 

„  ,  P  =  wetted  perimeter  of  nozzle 
w  w 

area  diameter  /4A  /tt 
n 
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Predicted  Peak-Noise  Frequencies  (Hz) 
8-Lobe  Daisy  Nozzle 
(Figure  4-82) 
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The  predicted  peak-noise  frequencies  for  Tpj  =  1400°  R  are  indicated  by 
arrows  on  Figure  4-82.  It  can  be  seen  that  the  predictions  for  fp  based  on  D 
=  Dh  agree  best  with  the  observed  peak  noise  location,  although  D  =  Deq>  n 
also  gives  close  (within  one  1/3-octave  band)  agreement.  The  predictions 
indicated  in  Figure  4-82  have  been  adjusted  from  those  values  listed  in  the 
above  table  to  nearest  1/3-octave  band  center  frequency.  The  4  dB  lower 
levels  relative  to  a  conical  nozzle  shown  in  Figure  4-81  do  not,  however, 
scale  with  either  hydraulic  diameter  or  lobe  equivalent  diameter.  From 
equation  (257),  the  OASPL  should  scale  as  20  logjQ  (D/Deq)  relative  to  a 
conical  nozzle,  where  D  is  the  "effective"  shock-cell  diameter  for  the  non- 
circular  nozzle.  The  eight-lobe  nozzle  has  characteristic  dimensions 
Deq  =  3.91  inches,  =  1.06  inches,  and  Deq,n  =  1.38  inches.  For  D  =  Deq,n> 
the  reduction  relative  to  a  conical  nozzle  would  then  be  9.0  dB,  while  for 
D  =  Dfj,  it  would  be  11.3  dB.  Both  of  these  reductions  are  much  larger  than 
the  4  dB  reduction  observed,  and  it  is  therefore  not  correct  to  predict  non¬ 
circular  nozzle  shock-cell  noise  levels  by  merely  using  element-related 
dimensions  Deq>n  or  Dh  in  the  conical  nozzle  prediction  equations. 

Clapper,  et  al.(72)  have  also  run  the  scale-model,  eight-lobe  nozzle 
with  external  flow  in  the  free- jet  wind  tunnel  facility.  The  as  measured 
supercritical  pressure  ratio  data  with  various  external  flow  velocities  V0 
are  shown  in  Figure  4-83,  at  0^  =  50°.  The  average  of  the  static  data  (V0  = 

0)  from  Figure  4-81  is  also  shown  as  a  solid  line.  Tt  is  observed  that  the 
OASPL  levels  for  V0  '■  0  are  all  lower  than  the  static  line  Vp  =  0,  by  about 
2  -  3  dB  with  no  obvious  dependency  on  the  level  of  V0  itself.  This  is,  at 
first  glance,  puzzling,  because  the  conical  nozzle  data  indicated  no  signifi¬ 
cant  dependence  of  shock-cell  noise  on  V0,  and  these  (eight-lobe)  results  sug¬ 
gest  a  significant  reduction  with  the  presence  of  V0,  but  no  trends  with  the 
level  of  Vo.  To  further  study  this  anomalous  behavior,  spectra  were  compared 
at  selected  conditions  where  shock-cell  noise  was  thought  to  be  significant, 
Figures  4-84  and  4-85.  From  these  spectral  comparisons,  several  observations 
can  be  made.  First,  the  actual  peak  SPL  level  changes  are  relatively  small 
with  changes  in  VG;  in  fact,  Figure  4-85,  which  shows  spectra  at  the  lowest 
jet  temperatur  and  highest  external  flow  velocity,  indicates  only  1  -  2  dB 
reduction  in  peak  SPL  due  to  V0  (=300  fps).  The  mixing  noise  is  expected  to 
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be  lowered  appreciably  with  the  addition  of  external  flow,  and  it  is  seen 
that  the  low-frequency  noise  (f<  2000  Hz.)  does  drop  appreciably,  on  the 
order  of  5  dB.  The  second  observation  is  that  the  slope  of  the  high- 
frequency  end  of  the  spectrum  becomes  progressively  steeper  is  VQ  is  increased.* 

The  noise  of  a  6:1  aspect  ratio  rectangular  jet  was  investigated  experi¬ 
mentally  by  Kantola  and  is  reported  in  Section  5.2.  A  baseline  1.5- inch 
diameter  conical  nozzle  was  also  tested  in  the  same  facility,  at  the  same 
operating  conditions,  to  provide  reference  data  for  comparison  purposes  (see 
Section  5.1).  Figure  4-86  shows  the  baseline  conical  nozzle  SPL  spectra  at 
0i  3  60°  for  several  jet  temperatures  at  approximately  the  same  jet  Mach 
number  (8  :  0.80).  The  spectral  collapse  at  high  frequencies  (no  temperature 
effect)  is  again  observed;  it  is  noted,  however,  that  the  peak  SPL  and  OASPL 
are  about  1  to  2  dB  higher  than  would  be  predicted  by  the  HBF(69)  model. 

The  corresponding  spectra  for  a  6:1  aspect  ratio  nozzle  with  the  same  nozzle 
area  are  shown  in  Figures  4-87  and  4-88.  The  spectra  are  shown  as  measured 
at  several  azimuthal  angles  i Ji,  to  assess  the  effects  of  asymmetry. 

Comparing  Figures  4-86  and  4-88,  it  is  seen  that,  at  approximately  the 
same  value  of  8,  the  rectangular  nozzle  peak  SPL  is  about  2  dB  lower  than 
that  of  the  conical  nozzle.  The  peak-noise  frequency  appears  to  be  about  1 
to  2  1/3-octave  bands  higher  for  the  rectangular  nozzle.  Figure  4-87, 
for  8  *  0.726,  indicates  a  small  change,  2-3  dB,  with  azimuthal  angle,  the 
"noisy  plane"  being  ip  *  0°.  At  the  peak-noise  frequency,  however,  the  change 
is  appreciably  larger,  on  the  order  of  5  dB.  Figure  4-88  shows  spectra  for 
8  *  0.78,  and  no  appreciable  change  with  ip  is  indicated  for  this  case. 

From  experimental  observations  utilizing  Schlieren  photographs,  Kum(7Z*) 
deduced  that  the  shock  cell  geometry  of  rectangular  nozzles  scales  with 
nozzle  hydraulic  diameter.  Again  utilizing  equations  (243)  and  (245)  to 
predict  the  peak-noise  frequency,  it  is  found  that  the  spectra  in  Figure  4-88 
should  peak  at  8000  Hz  for  D  =  Deq  and  13,500  Hz  for  D  =  Dj,.  It  is  seen  that 
the  actual  peak  occurs  midway  between  these  two  predictions,  leaving  the 
identification  of  the  "correct"  scaling  dimension  inconclusive  for  this  case. 

It  may  be  noted  that  the  assumption  that  Uc  *  0.7  Vj  applied  also  for  rect¬ 
angular  nozzles  may  be  in  error,  contributing  to  the  discrepancy  between 
observed  and  predicted  peak-noise  frequency. 


4.6.7  Experimental  Evaluation  of  Annular  Plug  Nozzle  Shock  Cell  Noise 
Characteristics 


Current  technology  nozzles  envisioned  for  high  jet  velocity  applications 
(e.g.,  supersonic  transport  propulsion  systems)  contain  a  centerbody  or  plug 
to  provide  high  supersonic  cruise  performance.  The  annular  jet  formed  between 
the  nozzle  shroud  and  plug  may  produce  significantly  different  shock  cell 


*These  observations  can  be  partially  explained  by  consideration  of  the  free-jet 
shear  layer  turbulence  absorption  effects  as  discussed  by  Clapper,  et  al. ; 
correcting  for  shear  layer  absorption  will  tend  to  negate  the  relative  velocity 
effect. 
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Figure  4-87.  Shock-Associated  Noise  Spectrum,  6:1 
Aspect  Ratio  Rectangular  Jet. 


Figure  4-88.  Shock-Associated  Noise  Spectrum,  6:1 
Aspect  Ratio  Rectangular  Jet. 


patterns  than  an  equivalent  -  area  eonical  nozzle  when  operating  at  under¬ 
expanded  pressure  ratios.  The  presence  of  the  plug  or  centerbody  provides  a 
guided-expansion  surface  lor  t  lie  supersonic  expansion/compression  process. 
Additionally,  the  turbulent  boundary  layer  on  the  plug  surface  may  interact 
with  the  impinging  shocks,  modifying  their  characteristics.  It  can  therefore 
be  expected  that  the  shock-cell  noise  characteristics  of  an  annular  plug 
nozzle  will  be  ditferent  from  an  equivalent-area  conical  nozzle.  It  is 
important  to  assess  these  differences,  because  the  basic  annular  plug  nozzle 
system  is  a  much  more  relevant  "baseline"  configuration  than  a  conical  nozzle 
when  measuring  the  improvements  to  be  gained  with  suppressor  nozzles. 

The  far-  field  acoustic  characteristics  of  three  different  annular  plug 
nozzles  were  measured  (in  Task  3  of  the  present  program)  to  provide  baseline 
characteristics  as  a  function  of  plug  geometry.  The  three  configurations 
tested  are  shown  in  Figure  4-89.  A  composite  of  measured  OASPL  values  at 
forward-arc  angles  of  0 j  =  30°  and  50°  (where  shock-cell  noise  is  expected  to 
dominate)  is  shown  in  Figure  4-90,  for  all  test  points  taken  at  supercritical 
nozzle  pressure  ratios.  The  OASPL  is  plotted  versus  log^QB,  as  was  done  in 
the  previous  sections.  It  can  be  observed  that  the  OASPL  in  the  forward  arc, 
for  the  three  annular  plug  nozzles  tested,  follows  the  8^  -  dependency  quite 
well.  These  three  nozzles  all  have  different  exit  flow  areas  (the  plug 
geometries  are  all  the  same  but  the  shroud  diameters  are  different,  see  Figure 
4-89),  so  a  normal izat ion  must  be  carried  out  to  discern  the  deviation  from 
conical  nozzle  behavior.  Equation  (257)  yields  the  OASPL  for  a  conical 
nozzle;  if  we  define  the  normalized  shock  cell  noise  OASPL  as 

Ngh  =  OASPL  -  40  logl0(3)  -  20  log^  OW^)  (263) 

we  have  =  158.5  dB  for  the  conical  nozzle.  The  results  in  Figure  4-90 
have  been  normalized  per  equation  (263;  and  plotted  versus  3,  in  Figure 
4-91.  The  normalized  data  should  be  insensitive  to  8  if  the  proper  normaliza¬ 
tion  has  been  applied,  and  it  is  seen  from  Figure  4-91,  that  this  is  indeed 
the  case.  A  line  representing  the  conical  nozzle  value  Nsh  =  158.5  is  also 
shown  for  relerence.  The  levels  for  all  three  plug  nozzles  are  seen  to  be 
below  the  conical  line,  by  about  3  to  5  dB,  and  there  is  n  consistent  trend 
with  radius  ratio,  Ng^  tending  to  be  lower  for  higher  radius  ratios.  The 
arithmetic  average  values  of  Ms[,  at  =  30°,  50°,  and  70°,  as  well  as  the 
average  for  ail  three  angles,  is  tabulated  below. 


Annular  Plug  Nozzle  Average  Values 
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Figure  4-89.  Model  Hardware  for  Parametric  Nozzle  Radius  Ratio  Study 
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Spectrum  comparisons  were  made  at  Oj  =  50°,  and  these  are  shown  in  Figures 
4-92  through  4-94.  The  test  points  chosen  were  those  where  shock-cell 
noise  was  expected  to  be  dominant,  and  where  the  points  were  common  to  at 
least  two  of  the  three  configurations.  Figure  4-92  shows  spectrum  comparisons 
for  all  three  configurations  at  a  pressure  ratio  of  Pxj/P0  =  2.65.  Figure 
4-93  shows  spectra  at  Of  =  50°  for  the  two  highest  radius  ratios  tested,  at  a 
pressure  ratio  of  PTj/Po  =  3.28.  Finally,  Figure  4-94  shows  spectra  for  the 
two  highest  radius  ratios,  at  a  pressure  ratio  of  3.55.  The  lowest  radius 
ratio  nozzle  (Rp/Rs  =  0.590)  was  not  tested  at  the  higher  pressure  ratios  due 
to  the  large  mass  flows  required  exceeding  the  facility  capacity. 

It  is  observed  that  these  spectra  do  not  possess  the  same  shape  as 
exhibited  by  a  conical  nozzle.  In  particular,  there  appears  to  be  a  tendency 
to  form  two  peaks,  their  separation  increasing  with  increasing  radius  ratio. 

The  spectra  also  appear  to  be  much  more  "broadband"  in  character.  Further 
discussion  cf  the  observed  characteristics  of  annular  plug  nozzle  shock-cell 
noise  is  postponed  to  Section  4.6.9,  where  extensions  of  the  basic  HBF  theory 
are  proposed  for  explaining  these  characteristics. 


4.6.8  Model  Parametric  Studies 

In  Section  4.6.2,  the  theoretical  hypothesis  of  HBF^6^)  for  the  mechanisms 
of  shock-cell  noise  was  reviewed,  and  most  all  of  the  important  features  of 
shock-cell  noise  (produced  by  conical  nozzles)  resulting  from  the  theory  were 
verified  in  Section  4.6.4,  through  a  critical  examination  of  extensive  parametric 
data.  In  Sections  4.6.5  -  4.6.7,  an  experimental  assessment  of  the  shock¬ 
cell  noise  of  noncircular  nozzles  was  attempted,  with  the  emphasis  being 
placed  upon  how  the  shock-cell  noise  characteristics  departed  from  conical 
nozzle  behavior.  It  was  found  that,  in  general,  noncircular  nozzle  shock- 
cell  noise  OAS^L  does  scale  with  for  a  given  nozzle  geometry,  independent 
of  the  jet  temperature.  The  absolute  levels  and  spectrum  shapes  were,  however, 
found  to  be  different  than  that  for  an  equivalent-area  conical  nozzle.  In 
this  section,  a  critical  examination  is  made  of  the  HBF  model  itself,  to  see 
if  it  contains  any  or  all  of  the  basic  physical  parameters  required  to  predict 
noncircular  nozzle  shock  noise  behavior.  By  systematically  varying  the  key 
physical  parameters  in  the  model,  their  effects  on  spectrum  shape  and  level 
can  be  assessed,  and  these  effects  can  be  related  to  the  experimentally- 
observed  departures  from  conical-nozzle  behavior  exhibited  by  noncircular 
nozzles . 

The  Harper-Bourne/Fisher model  formulation,  reviewed  in  Section 
4.6.2,  identifies  several  key  parameters  which  characterize  the  shock-cell 
noise  emission.  These  parameters  can  be  categorized  as  follows: 


1.  General  Operating  Conditions: 

(1)  Shock  strength  parameter 

(2)  Convection  velocity 

(3)  Observation  point  location 
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Figure  4-92.  Shock-Associated  Noise  Figure  4-93.  Shock-Associated  Noise 
Spectra;  Annular  Plug  Spectra;  Annular  Plug 

Nozzle,  0^  =  50°.  Nozzle,  0^  =  50°. 


Figure  4-94.  Shock-Associated  Noise 
Spectra;  Annular  Plug 


Nozzle,  0.  =  50°. 
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2. 


Shock  cell  geometry: 


(A)  Number  of  shock  cells  N 


3. 


(5)  Shock  spacing  parameters  L, ,  L  ,  c 

1  avg 

Turbulence/Shock  Correlation  Spectra: 


(6)  Group  source  spectrum  H  (S  ) 

on 

(7)  Cross-correlation  spectrum  C,(S  ) 

i  n 

The  first  parameter  investigated  was  the  number  of  shock  cells  N. 
Predictions  were  made  for  a  typical  operating  condition  of  Pfj /PQ  =  3.29  and 
Vj  =  2370  fps  (722  m/s).  The  jet  diameter  and  observer  radius  was  selected 
to  be  3.73  inches  (9.5  cm)  and  40  feet  (12.2  m) ,  respectively.  The  predictions 
[utilizing  equation  (260)]  were  made  for  N  =  2,  4,  6,  and  8,  and  are  shown 
in  Figure  4-95.  It  is  observed  from  these  spectral  predictions  that  the 
number  of  shock  cells  N  has  no  influence  on  the  high  and  low  ends  of  the 
spectrum.  In  the  region  around  the  peak  frequency,  the  effect  of  increasing 
N  is  to  give  a  smoother  spectrum.  For  small  values  of  N,  the  spectrum 
exhibits  a  more  oscillatory  "sawtooth"  behavior,  but  the  basic  shape  remains 
unaltered.  This  uncovers  one  problem  with  the  correlation  function  HQ(Sn); 
namely,  it  is  based  on  conical  nozzle  levels  for  8  shock  cells.  If  there  are 
more  or  less  than  8  cells,  the  level  of  H0(Sn)  should  be  adjusted  by  the 
factor  (N/8).  This  correction  was  incorporated  into  the  model  and  the  calcula¬ 
tions  of  Figure  4-95  were  repeated.  The  results  are  shown  in  Figure  4-96. 

From  this  excerise,  it  is  seen  that  reducing  the  number  of  shock  cells  will, 
according  to  the  HBF  theory,  reduce  the  shock  noise  level  without  any 
appreciable  alteration  of  the  basic  spectrum  shape. 


The  second  parameter  studied  was  the  shock  spacing  parameter  t  =  AL/L^, 
which  governs  the  rate  where  successive  shocks  come  closer  and  closer  together 
[see  equation  (244)].  For  conical  nozzles,  HBf(69)  found  that  e  =  0.06. 
Parametric  computations  were  made  for  -0.06  _<  c  £  +  0.12,  and  these  results 
are  shown  in  Figure  4-97.  The  case  where  e  =  0  corresponds  to  equal  shock 
cell  spacing.  For  e  <  0,  the  spacing  increases  with  downstream  distance, 
while  for  c  >  0,  the  spacing  decreases  with  downstream  distance.  The  effect 
of  increasing  c  is  to  smooth  out  the  jump  in  the  spectrum  near  f  =  fp,  and 
simultaneously  lower  the  peak  SPL.  For  r  =  0,  the  spectrum  becomes  unchar¬ 
acteristically  oscillatory;  evidently  the  actual  unequal  shock  spacings 
mitigate  the  reinforcements  and  cancellations  which  occur  at  the  higher 
harmonics  of  fp.  Jt  is  noted  that  e  =  -0.06  again  smooths  out  the  spectrum 
but  lowers  the  peak-noise  frequency.  The  major  effect  of  increasing  e  is 
that  of  reducing  the  steepness  of  the  spectrum  slope  below  the  peak-noise 
frequency.  Some  of  the  noncircular  nozzle  data  reviewed  in  previous  sections 
tend  to  exhibit  this  trend,  and,  therefore,  one  characteristic  of  noncircular 
geometries  may  be  that  the  shock  spacings  decrease  more  rapidly  with  down¬ 
stream  distance  compared  to  a  conical  nozzle.  however,  this  effect  could 
also  lie  the  result  of  mixing  noise  level  being  higher  relative  to  the  shock 
noise  level  than  for  the  conical  nozzle  case. 
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The  third  parameter  studied  was  convection  velocity  Uc.  It  is  known 
that  noncircular  nozzles,  especially  suppressor  ( vpes  which  exhibit  sub¬ 
stantially  faster  plume  mixing,  exhibit  lower  convection  speeds  than 
equivalent-area  conical  nozzles.  To  see  what  effect  this  might  have  on  the 
shock  cell  noise,  the  ratio  Uc/Vj  was  varied  from  0.5  to  0.7.  The  computed 
spectrum  changes  are  shown  in  Figure  4-98.  Over  the  range  of  Uc/Vj  examined, 
there  seems  to  be  very  little  of  sect  of  U(.  on  either  spectrum  shape  or  level. 

It  is  possible  to  vary  the  shapes  of  the  "universal"  spectrum  functions 
H0(Sn)  and  C^(Sn)  and  study  their  influence.  However,  it  can  be  intuitively 
recognized,  without  numerical  computations,  that  making  the  group  source 
spectrum  Hc(Sn)  broader  or  narrower  than  the  empirically  determined  shape 
will  just  make  the  corresponding  SPL  spectrum  broader  or  narrower,  respectively. 
Also,  there  is  no  obvious  way  (whicli  reflects  physical  insight  or  empirical 
observation)  to  vary  C^(Sn)  from  its  established  shape,  so  no  further  parametric 
studies  of  these  variables  were  carried  out. 


4.6.9  Extension  of  Prediction  Method  to  Noncircular  Nozzles 

It  was  demonstrated  in  the  previous  section  (see  Figure  4-95)  that 
the  spectrum  shape  predicted  by  the  HBF((>9)  theory  does  not  significantly 
change  if  N  =  2,  relative  to  N  -  8  shock  cells.  Consider,  therefore,  the 
case  of  a  two-shock  system,  N=2;  in  this  case,  equation  (260)  reduces  to  the 
following: 


?  A0  ( — )  1 
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for  low  frequencies,  say  Kw  <  5,  the  term 


cos  (Km,,)  sin  (Kbm„/2) 
M _ _ M 

(Kbu.M/2) 


cos  (Ku>) 
M 


since  sin  x/x  -  1  for  small  x,  and  b/2  -  0.1. 


Conversely,  for  high  frequencies,  say  Ka>^',25,  tills  same  term  approaches  zero. 
Both  Ci  (Sn)  and  the  factor  [sin  (Ktjj^b/2) /  (Ko^b/ 2)  ]  act  as  damping  terms  to 
cos(Kuty).  At  low  frequencies,  as  cos(Kwm)  *1,  the  spectrum  approaches  the  limit 

_  bofr  Aq  (u^) 

P2  V  V  >  2r2  [1+C1  (V] 

o 

Thus,  at  low  frequencies,  the  spectrum  asymptote  is  characterized  by 
A0(w>i)[l  +  Cj(mi)],  while  at  high  frequencies  the  spectrum  asymptote  is 
characterized  by  Aq^j). 

The  total  spectrum  is  characterized  by  the  basic  group  source  spectrum 
Ao((jf{),  to  which  is  added  a  damped  cosine  term.  The  characteristic  jump  and 
subsequent  peak  of  the  total  spectrum  occurs  between  the  first  negative 
extremum  and  second  positive  extremum,  respectively,  of  cos(Kui^).  Hence,  the 
jump  occurs  at  Koi^  =  3tt/2,  and  the  peak  occurs  at  =  2tt.  A  good  approxima¬ 
tion  to  the  interference  term  in  equation  (264)  is  given  by 

,  v.  cos  (Kxjm)  sin  (KbaW2)  -  ,  -k9  (Kuv,)q 
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As  Kww-i-O,  this  term  approaches  0^(0)  =  0.72.  It  was  found  that  k^  =  0.72, 

V-2  =  0-002,  and  q  =  2  gives  a  good  fit  to  the  left-hand  side  of  the  above 
expression.  Since  this  term  in  equation  (264)  contributes  only  damped  "wiggles" 
to  the  spectrum  beyond  the  peak  frequency,  and  since  the  effect  of  adding 
more  terms  in  the  series  (N  =  3,  4,  5,  etc.)  is  to  fill  in  these  wiggles 
anyway,  we  can  just  cut  off  this  term  beyond  the  third  zero  of  cos(Ku>M). 

Figure  4-99  shows  the  HBF  group  source  spectrum  H0(Sn)  and  Cross¬ 
correlation  spectrum  Cj(Sn)  as  determined  from  computational  studies  using 
measured  far-field  spectra.  It  is  seen  that  H0(Sn)  has  a  shape  typical  of 
broadband  jet  mixing  noise,  probably  characteristic  of  that  portion  of  the 
mixing  noise  produced  in  the  supersonic  region  close  to  the  jet  nozzle.  The 
cross-correlation  spectrum  Ci(Sn)  is  constant  at  low  frequencies  and  falls 
off  to  zero  at  high  frequencies,  so  that  the  interference  terms  become  less 
important  at  high  frequencies. 

The  interference  spectrum  was  computed  for  the  example  case  shown  in 
Figure  4-95,  using  the  approximation  given  by  the  left-hand  side  of  equation 
(266).  The  computed  spectrum  is  shown  in  Figure  4-100  with  and  without  the 
cross-correlation  factor  Ci(Sn).  It  is  seen  that  the  effect  of  Ci(Su) 
is  to  damp  out  the  high  frequency  wiggles,  as  well  as  to  reduce  the  peak  and 
valley  amplitude,  at  low  frequencies.  The  addition  of  the  interference 
spectrum  (with  the  factor  C^)  to  the  group  spectrum  is  shown  in  Figure  4-101. 

The  curve  labeled  SPLQ  denotes  the  sound  pressure  spectrum  produced  by  the 
group  source  spectrum  alone;  the  curve  labeled  SPL^  denotes  the  SPL  spectrum 
produced  by  summing  the  SPLQ  spectrum  and  the  interference  spectrum.  This 
simple  example  for  a  two-shock  system  shows  how  the  observed  shock-cell  noise 
spectrum  shape  evolves  from  the  summation  of  the  group  (broadband)  and 
interference  (reinforcement  and  cancellation)  spectra. 


230 


The  above  example  exercise  serves  as  a  guide  to  generalizing  the  HBF 
theory  to  noncircular  nozzles.  The  following  modifications  to  the  basic 
HBF  model  are  proposed  to  allow  the  prediction  of  noncircular  nozzle  shock¬ 
cell  noise: 

1.  Shock-cell  spacing  should  be  maintained  as  a  parameter  independent  of 
equivalent  diameter,  so  that  the  shock  cell  spacing  characteristic  of 
noncircular  nozzles  can  be  accounted  for.  By  assuming  that  Lj  (position 
of  first  shock)  is  proportional  to  hydraulic  diameter,  as  suggested  by 
the  experimental  evidence  of  Kurn(74),  the  peak  noise  frequency  is 
predicted  quite  well  for  the  eight-lobe  nozzle,  as  shown  in  Figure  4-82, 
see  Section  4.6.6.  For  nozzles  with  solid  bounderies  guiding  the 
external  expansion  process,  however,  hydraulic  diameter  may  not  be  the 
correct  scaling  length,  and  shock  spacing  should  therefore  be  evaluated 
from  flow  field  measurements  (e.g.,  laser  velocimeter,  Schlieren  photo¬ 
graphy)  and/or  computations  (e.g.,  method-of-characteristics ,  finite- 
difference  methods).  This  becomes  important  for  plug  nozzles. 

2.  The  HBF  model  correlates  the  group  source  spectrum  level  (and  hence 
OASPL)  with  diameter-to-distance  ratio  (D/Rq)2.  It  is  suggested  that 
the  dependence  on  d2  is  in  reality  a  dependence  on  shock-front  through- 
flow  area,  which  may  be  quite  different  from  total  exit  area  for  non¬ 
circular  nozzles.  This  may  provide  an  explanation  for  the  lower  apparent 
shock-cell  noise  OASPL  for  lobe  nozzles  (Figure  4-81) ,  and  annular  plug 
nozzles  (Figure  4-91). 

3.  The  HBF  model  correlates  group  source  spectrum  level  (and  hence  OASPL) 

a 

h 

has  significantly  different  shock  pattern  obliquity  may  not  yield  the 
same  correlation  level.  For  example,  the  static  pressure  ratio  across  a 
two-dimensional  oblique  shock  is  given  by 


with  shock  strength  parameter  g4.  It  is  suggested  that  the  correlation 
dependency  on  6^  is  strictly  correct  only  for  normal  shocks.  Although 
8^*  -dependency  for  a  given  nozzle  type  may  be  observed,  a  geometry  whic 


^  =  fir  (Mi  sin  *)' 


Y-l 
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where  M-^  is  the  upstream  Mach  number  and  4>  is  the  oblique  angle  the 
shock  front  makes  with  the  upstream  flow  direction.  In  terms  of  pressure 
rise  across  the  shock,  the  expression  can  be  rewritten  as 


where 

B*2  -  ^  sin  <p)2  -  1 
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For  4>  =  90°,  i.e.  ,  the  normal  shock  case,  3*  reduces  to  the  HBF  parameter 
6.  If  the  value  of  $  were  known  for  a  particular  geometry,  a  more 
"universal"  correlation  might  be  achieved  on  the  basis  of  6*4  rather 
than  34.  Again,  this  requires  additional  experimental  and/or  analytical 
information  on  Che  shock  structure. 

4.  Extrapolation  of  the  static  prediction  of  shock-cell  noise  to  in-flight 
conditions  can  probably  be  done  by  simply  applying  the  dynamic  correction 
factor  (1  -  Ma  cos  0^) -4,  as  suggested  by  the  experimental  results 
reported  by  Drevet,  et  al.(?5).  This  is  consistent  with  the  notion  that 
the  shock  cells  are  fixed  relative  to  the  nozzle.  The  influence  of 
relative  velocity  itself  is  small,  as  shown  by  the  free-jet  results  in 
Figures  4-75  through  4-80  and  Figures  4-83  through  4-85.  The  small 
changes  observed  are  most  likely  due  to  changes  in  shock  spacing,  which 
again  requires  experimental  and/or  analytical  evaluation. 

5.  The  number  of  shock  cells  may  be  different  for  noncircular  nozzles.  The 
HBF  value  of  N  =  8  is  implicit  in  the  group  source  spectrum  shown  in 
Figure  4-99.  For  N  ^  8,  the  group  source  spectrum  levels  should  there¬ 
fore  be  corrected  by  a  factor  N/8. 

The  above  proposed  extensions  to  the  basic  HBF  shock  noise  theory  for 
predicting  noncircular  nozzle  noise  (in  flight)  all  require  additional 
knowledge  of  the  shock  structure  characteristics  for  the  particular  nozzle 
being  considered.  In  many  cases,  e.g.,  multitube  and  multichute  nozzles,  the 
relevant  shock  structure  parameters  such  as  N,  Li,  e,  etc.,  are  not  presently 
known.  For  certain  cases,  however,  the  changes  in  these  parameters  relative 
to  a  conical  nozzle  can  be  obtained,  and  this  information  can  be  utilized  to 
test  the  hypothesis  that,  if  the  correct  shock-cell  structure  is  incorporated 
into  the  model,  the  HBF  theory  will  provide  a  reasonable  prediction  of  the 
shock-cell  noise. 

For  the  case  of  simple  rectangular  nozzle,  Kurn(?4)  has  shown  that  the 
shock-cell  structure  scales  with  hydraulic  diameter.  Predictions  were  made 
of  the  shock  cell  noise  for  the  6:1  aspect  ratio  nozzle  shown  in  Figure  4-88. 
The  group  source  spectrum  was  assumed  to  scale  on  equivalent  diameter  for 
both  level  and  frequency,  while  the  interference  spectrum  was  assumed  to 
scale  with  hydraulic  diameter.  By  combining  equations  (258)  and  (260),  the 
following  expression  for  the  prediction  of  the  mean-square  sound  pressure 
level  is  obtained: 
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where 
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K  =  -77-  (1+M  cose.)  [1-i  £  (2n+i-l)]  (268) 

U  C  1  L 

C 

and 

Ci(Sn)  =  Cl0  (Sn)’  01  =  i2  (269) 

It  is  assumed  that  D  =  D  and  that 
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equation  (267)  then  becomes 
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(273) 


Note  that  the  1/ 3-octave  group  source  spectrum  G(Sn)  is  identical  to  the  SAE 
version  of  the  HBF  narrow-band  spectrum  H0(Sn),  except  for  the  additional 
factor  of  N/8  which  was  proposed  and  discussed  in  previous  paragraphs  herein. 

Utilizing  equations  (268)  and  (273),  the  shock  cell  noise  of  the  afor- 
mentioned  6:1  aspect  ratio  nozzle  was  predicted  and  compared  with  experimental 
measurements.  The  comparison  is  shown  in  Figure  4-102,  and  the  agreement 
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Comparison  of  Predicted  and  Measured  Shock-Associated 
Noise  Spectrum,  6:1  Aspect  Ratio  Rectangular  Jet, 


between  prediction  and  experiment  is  seen  to  be  quite  good.  Note  that  when 
the  hydraulic  diameter  is  substantially  smaller  than  the  equivalent  diameter 
(in  this  case,  Dh/Deq  =  0.620),  the  interference  spectrum  is  shifted  to 
higher  frequencies  relative  to  the  group  source  spectrum,  resulting  in  a 
change  in  spectrum  shape  relative  to  that  of  an  equivalent  conical  nozzle. 

For  this  prediction,  eight  shock,  cells  (N  =  8)  were  assumed,  for  lack  of  any 
evidence  to  the  contrary.  The  factor  D^/Dg^  in  equation  (273)  reduces  the 
shock  noise  level  by  about  2.0  dB  relative  to  the  equivalent-area  conical 
nozzle,  and  this  agrees  with  the  observed  2.5  dB  reduction,  discussed  in  Section 
4.6.6. 

Equation  (273)  was  also  used  to  predict  the  measured  spectra  shown  in 
Figure  4-82  for  the  eight-lobe  daisy  nozzle.  A  comparison  of  the  predicted 
and  measured  spectra  are  shown  in  Figure  4-103.  Similarly,  the  measured 
annular  nozzle  spectra  shown  in  Figure  4-92  were  also  predicted  using  equation 
(273),  and  the  comparisons  are  shown  in  Figure  4-104.  These  comparisons  show 
reasonabla  agreement  between  prediction  and  experiment.  In  viewing  these 
results,  it  should  be  kept  in  mind  that  the  predictions  represent  only  the 
shock-cell  component  of  the  total  noise  spectrum,  whereas  the  data  represents 
the  sum  of  both  shock-cell  noise  and  jet  mixing  noise  (plus  any  other  excess 
noise  mechanisms  which  may  be  present).  Also,  the  predicted  spectra  were 
computed  assuming  the  conical  nozzle  values  of  N  =  8  and  t  =  0.06;  these  may 
well  not  be  the  correct  values  for  the  eight-lobe  and  annular  plug  nozzles, 
but  no  experimental  or  analytical  information  was  available  to  provide  better 
values.  Although  not  shown  herein,  it  was  found  that  the  annular  plug  nozzle 
predicted  spectrum  shapes  could  be  improved  by  using  c  =  0.12  instead  of 
t  =  0.06,  based  on  numerical  experiments.  This  may  be  related  to  the  presence 
of  the  plug  external  expansion  surface  increasing  the  rate  at  which  succes¬ 
sive  shock  cell  spacings  decrease.  Further  flow  field  shock  structure  measure¬ 
ments  are  needed  to  verify  this  supposition. 

The  factor  Dt,/Deq  in  equation  (273)  represents  one  effect  of  noncircular 
geometry  on  the  shoc'c-cell  noise  level.  The  reduction  in  shock  cell  aoise 
relative  to  a  conical  nozzle  due  to  this  factor  is  shown  in  Figure  4-105.  Also 
shown  are  the  measured  OASPL  reductions  relative  to  a  conical  nozzle  for  the 
various  noncircular  nozzles  investigated  herein.  The  range  of  Dh/Deq  covered 
by  the  data  is  rather  limited,  but  the  agreement  between  predicted  and 
measured  reductions  is  reasonably  good. 


4.6.10  Concluding  Remarks 

A  detailed  review  of  the  Harper-Bourne/Fisher theory  for  the  broad¬ 
band  shock-cell  noise  of  underexpanded  supersonjc  jets  has  been  carried  out. 

The  theory  has  been  verified  in  all  its  important  aspects  for  conical  nozzles 
through  a  detailed  examination  of  parametric  acoustic  data  and  comparisons 
with  the  theoretical  predictions.  Based  on  analysis  of  free-jet  data,  it  was 
found  that  external  flow  relative  velocity  effects  on  the  shock-cell  noise 
characteristics  are  small.  Examination  of  noncircular  (e.g.,  rectangular,  ., q. 
eight-lobe  daisy,  and  annular  plug)  nozzle  acoustic  data  showed  that  the  HBF'' 
theory  dependencies  on  shock-strength  parameter  f  and  insensitivity  to  jet 
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temperature  applied  to  noncircular  nozzles  as  well.  However,  noise  levels 
relative  to  a  conical  nozzle  are  significantly  lower,  and  this  reduction 
depends  on  nozzle  shape.  The  shock-cell  noise  spectrum  shape  also  differs 
from  that  of  a  conical  nozzle,  and  the  difference  also  depends  on  nozzle 
shape.  For  the  eight-lobe  nozzle,  a  small  dependency  of  shock-cell  noise  on 
relative  velocity  was  observed. 

Modifications  to  the  basic  HBF  theory  were  identified  for  predicting 
noncircular  nozzle  shock-cell  noise  behavior.  The  assumption  was  made  that 
the  basic  physical  mechanisms  contained  in  the  HBF  model  are  correct,  and 
that  inclusion  of  the  correct  shock  structure  parameters  for  the  particular 
nozzle  being  considered  would  provide  a  correct  prediction.  This  approach 
points  to  the  need  for  further  work  on  experimentally  (and  theoretically) 
defining  the  shock-cell  behavior  of  noncircular  nozzles,  since  little  or  no 
information  on  these  important  ingredients  is  available  at  the  present  time. 
Preliminary  data/theory  comparisons  for  simple  rectangular  and  annular  plug 
nozzles  using  a  modification  of  the  HBF  theory  to  account  for  nozzle  shape 
effects  gave  encouraging  results,  lending  credence  to  the  methodology  adopted 
herein. 

On  a  more  fundamental  basis,  the  "universal"  group  source  spectrum  and 
cross-correlation  coefficient  spectrum  functions  developed  by  HBF  were 
assumed  to  be  applicable  to  any  nozzle  type.  These  functions  relate  the 
input  turbulence  disturbance  characteristics  to  the  output  acoustic  emission 
characteristics  of  a  given  shock  front.  For  noncircular  nozzles,  the  input 
turbulence  characteristics  may  well  be  different  than  that  for  a  conical 
nozzle,  and  a  comprehensive  study  of  this  element  of  the  theory  may  be  required 
to  properly  model  the  noncircular  nozzle  shock-cell  noise  behavior.  A  link 
with  the  turbulent  mixing  noise  spectrum  produced  by  the  supersonic  portion 
of  the  jet  may  be  possible. 

A  final  point  to  consider  is  that  the  available  evidence  suggests  that 
shock-cell  noise  is  not  appreciably  altered  by  the  presence  of  external  flow 
or  relative  velocity.  In-flight,  dynamic  (doppler)  effects  tend  to  raise  the 
noise  levels  in  the  forward  quadrant  where  shock-cell  noise  is  most  important. 
The  resulting  directivity  pattern  or  field  shape  (considering  both  shock-cell 
noise  and  turbulent  mixing  noise)  becomes  much  flatter  in  flight.  Considering 
that  shock-cell  noise  has  a  higher  peak  frequency  than  mixing  noise,  the 
resulting  perceived  noise  level  corrected  for  flight  duration  effects  (EPNL) 
may  well  be  controlled  by  the  shock-cell  noise  component  in  flight.  It 
therefore  becomes  very  important  to  be  able  to  properly  account  for  shock¬ 
cell  noise  in  flight  when  evaluating  potential  noise  abatement  nozzles  for 
high  jet  velocity  propulsion  systems. 
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4.7  UNIFIED  AEROACOUSTIC  MODEL  FOR  JET  NOISE  PREDICTION 


4.7.1  Introduction 

Many  suppressor  nozzles  have  been  designed  in  the  past  utilizing  intui¬ 
tive  notions  of  how  to  suppress  jet  noise  which  have  demonstrated  substantial 
noise  reduction.  Often,  the  noise  reduction  has  been  obtained  at  the  expense 
of  considerable  thrust  loss  and  increased  engine  weight.,  in  addition  to  higher 
manufacturing  cost  and  complexity.  Seemingly  minor  changes  to  these  suppres¬ 
sor  nozzle  designs,  made  for  the  purpose  of  improving  thrust  performance, 
often  resulted  in  substantial  loss  of  noise  suppression.  It  is  therefore 
desirable  to  have  a  quantitative  prediction  technique  available  for  estimat¬ 
ing  the  aerodynamic  and  acoustic  characteristics  of  suppressor-type  nozzle 
configurations.  With  such  a  technique,  design  and  optimization  studies  can 
be  conducted  prior  to  construction  and  testing,  thus  minimizing  the  time  and 
cost  of  development.  A  useful  technique  must  be  sensitive  to  the  control- 
able  nozzle  design  variables,  and  should  be  based  on  a  minimum  of  empiricism. 
That  empiricism  which  is  necessary  should  be  tied  more  or  less  to  physical 
(flow  and  acoustic  propagation)  characteristics  rather  than  geometric  param¬ 
eters  in  order  to  be  "universal"  in  a  normalized  (but  perhaps  restricted) 
sense. 

With  the  above  objectives  and  guidelines  in  mind,  a  unified  aerodynamic/ 
acoustic  prediction  technique  described  in  this  section  was  developed  for 
assessing  the  noise  characteristics  of  suppressor  nozzles.  The  technique 
utilizes  an  extension  of  Reichardt's  method  (lection  4.5)  to  provide  predic¬ 
tions  of  the  jet  plume  aerodynamic  flow  field  (velocity,  temperature,  and 
turbulence  intensity  distributions).  The  small-scale  turbulent  fluctuations 
produced  in  the  mixing  regions  of  the  jet  are  assumed  to  be  the  primary  source 
of  noise  generation,  as  in  the  classical  theories  of  jet  noise.  The  altera¬ 
tion  of  the  generated  noise  by  the  jet  plume  itself  as  it  propagates  through 
the  jet  to  the  far-field  observer  (sound/flow  interaction  or  fluid  shielding) 
is  modeled  utilizing  the  high-frequency  shielding  theory  described  in  Sec¬ 
tion  4.3. 

These  basic  modeling  elements  (flow  field  prediction,  turbulent  mixing 
noise  generation,  and  sound/flow  interaction)  have  been  coupled  together  in  a 
discrete  volume-element  formulation.  The  jet  plume  is  divided  into  elemental 
volumes,  each  roughly  the  size  of  a  representative  turbulence  correlation 
volume  appropriate  to  that  particular  location  in  the  plume.  Each  volume 
element  is  assigned  its  own  characteristic  frequency,  spectrum,  and  acoustic 
intensity.  The  sound/flow  interaction  effects  for  each  volume  element  are 
evaluated  from  the  flow  environment  of  the  element,  and  the  resultant  contri¬ 
bution  to  the  far  field  is  determined.  The  individual  volume  elements  are 
assumed  to  be  uncorrelated  with  each  other,  so  that  the  total  contribution  to 
the  far  field  is  simply  the  sum  of  the  individual  volume  element  contributions. 

Previous  work  on  modeling  of  jet  aeroacoustic  characteristics  has  been 
confined  to  simple  round  and  coannular  jets.  One  of  the  first  attempts  at 
developing  a  comprehensive  aerodynamic/acoustic  jet  model  was  published  by 
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Lee,  Kendall,  et  al.^  and  Grose  and  Fenda 1 1 ( 58) .  This  approach  utilized 
an  extension  of  Reichardt's  method  for  predicting  the  jet  flow  properties  for 
round  and  lobe-type  nozzles  (this  method  is  adopted  herein).  Only  acoustic 
power  spectra  are  predicted,  based  on  a  "slice-of-jet"  model  wherein  the 
power  per  axial  slice  is  computed  and  related  to  a  certain  frequency  band  by 
means  of  empirically-derived  frequency  vs.  axial  distance  relationships. 
Success! el  predictions  are  coni lued  to  low  Mach  numbers.  The  volume-element 
summation  or  "lump-of-jet"  approach  was  first  developed  by  Benzakein, 
et  al.(78)  for  round  and  coannular  jets.  A  finite-difference  turbulent- 
kinetic-energy  model  was  developed  to  predict  the  jet  flow  field,  while  the 
classical  Lighthill^^  and  Fl  owe s-Wil Hams formulations  were  employed, 
with  suitable  empirical  modifications,  to  predict  the  noise  from  each  volume 


element.  Extensions  of  the  method  of  Benzakein,  et  al.  to  distinguish  be¬ 
tween  self-noise  and  shear-noise,  proposed  by  Jones^^  and  Ribner^^,  wei 
developed  by  Knott^80)  and  Moon(81' .  Recently,  Chen^82)  has  applied  Ken- 
dall's^8^  method  to  predicting  power  spectra  of  coannular  jets. 


The  above  methods  either  ignore  the  sound/flow  interaction  effects,  or 
recognize  only  source  convection  in  absence  of  a  shrouding  flow.  This  has 
been  shown  to  give  incorrect  simulation  [see  Mani ( 8 2 ’ ^8) ]  for  all  but  the 
lowest  jet  velocities,  especially  when  predicting  sound  pressure  level 
spectra  at  observer  angles  close  to  the  jet  axis.  The  aeroacoustic  model 
discussed  in  this  section  is  directed  toward  predicting  high  velocity  jet 
noise  [1500  -  3000  fps  (457  -  914  m/s)](  for  arbitrary  nozzle  shapes,  in¬ 

cluding  sound  pressure  level  spectra  at  any  observer  location. 


4,7.2  Outline  of  Method 

A  block  diagram  of  the  computation  sequence  for  the  jet  noise  prediction 
to  be  described  is  shown  in  Figure  4-106.  The  jet  plume  is  subdivided  into 
elemental  volumes  which  are  approx imat e 1 v  the  size  of  a  typical  turbulent  cor¬ 
relation  volume  or  "eddy  size".  Figure  4-107  illustrates  how  a  jet  plume  is 
typically  subdivided  into  "eddy"  volume  elements.  The  subdivisions  are  very 
small  close  to  the  nozzle  exit  plane  where  the  turbulence  length-scales  are 
small.  The  volume  elements  are  made  progressively  larger  in  the?  downstream 
direction,  simulating  the  increasing  length-scale  with  downstream  distance. 

Figure  4-108  illustrates  a  jet  plume  exhausting  from  a  nozzle  of  arbi¬ 
trary  shape.  Utilizing  the  modified  Reichardt  theory  described  in  Section 
4.5,  the  mean  velocity,  temperature,  density,  and  turbulent  shear  stress 
distributions  can  be  computed  throughout  the  jet  plume.  The  required  inputs 
are  nozzle  shape,  nozzle  exit  plane  total  pressures  and  temperatures,  and 
ambient  total  and  static  pressures  and  temperatures.  The  modified 
Reichardt  theory  can  provide  the  aerodynamic  properties  at  any  arbitrary 
point  in  the  plume  because  of  the  closed-form  solution  formulation  (the 
calculation  is  not  a  finite-difference  method  whose  grid  points  are  estab- 
l ished/d i ctated  by  the  accuracy/stab  i  1  i ty  requirements  of  the  numerical 
procedure).  The  flow  properties  are  therefore,  computed  at  the  geometric 
centers  of  those  eddv  volume  elements. 
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Figure  4-106,  Block  Diagram  of  Jet  Noise  Aeroacoustic 
Prediction  Model. 


The  noise  source  spectrum  generated  hv  each  of  the  volume  elements  is 
estimated  from  the  classical  Tight hi  I  I expressions  for  noise  produced  by 
tree  turbulence,  assuming  that  the  turbulence  can  be  modeled  as  local ly-iso- 
tropic,  convecting  quadrupoie  sources  of  sound  [as  proposed  by  Ribner^P)], 

The  turbulent  structure  parameters  (intensity,  length-scale,  characteristic 
frequency,  spectrum)  required  for  computing  the  generated  noise  are  derived 
from  the  calculated  mean-flow  distributions  using  previously  established 
empirical  similarity  relations,  developed  by  Davies,  et  al.('6,  83) _ 

The  effect  of  convection  and  fluid  shielding  on  the  emitted  sound  of 
each  volume  element  is  computed.  The  flow  properties  (mean  velocity  pro¬ 
files  and  temperature  profiles)  in  the  vicinity  of  the  element  determine  the 
amount  of  flow  shrouding  or  fluid  shielding  seen  by  that  element. 

From  the  generated  noise  spectrum  and  the  predicted  modifications  due 
to  convection  and  fluid  shielding,  the  net  emitted  noise  level  at  each  observ¬ 
er  angle  and  1/3-octave  band  frequency  of  interest  is  calculated.  The  contri¬ 
butions  from  each  volume  element  in  the  jet  are  summed  on  a  mean-square  pres¬ 
sure  basis,  assuming  that  individual  volume  elements  are  uncorrelated  with  each 
other.  This  provides  the  total  sound  pressure  predicted  1/3-octave  band 
spectrum  observed  in  the  far  field. 

In  addition  to  the  calculation  of  turbulent  mixing  noise,  the  shock-cell 
broadband  noise  is  also  computed  using  a  modification  of  the  Harper-Bourne 
and  Fisher^*^  method  as  described  in  Section  4.6.  The  mixing  noise  spectra 
and  the  shock-cell  noise  spectra  are  summed  on  a  mean-square  pressure  basis 
to  yield  the  total  jet  noise  spectra,  at  each  far-field  observer  angle. 

Atmospheric  attenuation  corrections,  using  the  method  of  Bass,  et  al.^®^, 
are  made  to  the  predicted  spectra  to  account  for  air  attenuation  at  the 
appropriate  far-field  distance.  The  overall  sound  pressure  levels  (OASPT) , 
perceived  noise  levels  (PNI.)  and  sound  power  spectrum  (PWI,)  are  also  evaluated 
from  the  far-field  sound  pressure  spectra. 

Facb  of  tilt'  major  elements  shown  in  Figure  4-106  are  described  below; 
then  a  select  number  of  data/theory  comparisons  are  given,  followed  by  a 
discussion  ol  application  oi  the  model  lor  identification  of  noise  suppression 
mechanisms.  A  brief  summary  of  the  model  limitations  and  capabilities  is 
given,  followed  by  suggestions  for  further  work  on  extending  the  model. 

4.7.3  Aerodynamic  Calculation 

The  jet  plume  flow  field  is  computed  using  the  extension  of  Reichardt's 
method  developed  in  Section  4.5.  The  method  basically  consists  of  predicting 
the  diffusive  transport  of  momentum  flux  and  enthalpy  flux  from  a  specified 
exit  plane  distribution  to  various  axial  stations  along  the  plume.  In  addi¬ 
tion,  the  various  components  of  turbulent  shear  stress  are  also  calculated, 
being  related  to  directional  derivatives  of  the  axial  component  of  momentum 
flux.  From  these  distributions,  the  mean  axial  velocity,  density,  and  tur- 
bulence  intensity  distributions  are  estimated. 
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i  Figure  4-107.  Typical  Jet  Plume  Flow  Field  Subdivision  (Not  to  Scale), 
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A  typical  suppressor  nozzle  planform  shape  at  the  nozzle  exit  plane  is  shown 
in  Figure  4-109.  The  nozzle  contour  can  be  defined  by  coordinates  (v0,  a).  The 
jet  nozzle  exit  plane  conditions  are  denoted  by  subscript  "j",  and  the 
ambient  field  (external  flow)  conditions  are  denoted  by  subscript  "a".  The 
flow  conditions  at  any  flow  field  point  (x,  r,  <f>)  are  computed  from  the 
following  equations,  taken  from  Section  4.5.7: 


Momentum  Transport: 


=  17  j 
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Heat  Transport; 
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Shear  Stresses: 
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where  f  denotes  a  contour  integral  around  the  nozzle  planform  boundary. 

In  the  above  equations,  U,  o,  and  H  are  the  mean  velocity,  density  and 
enthalpy,  respectively,  and  tx,  xr,  and  are  the  x,  r,  and  <J»  -  components 
of  turbulent  shear  stress.  The  coordinates  Ro  and  4>  are  defined  by  the 
relations 


247 


(279) 
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R2  =  (r-vn)2  +  2rv  [1  -  cos  (<f>  -  a)] 

o  u  o 

and  R  cos  <t>  =  r  -  v  cos  (d>  -  a) 
o  o 

The  turbulent  mixing  length  parameters  bm  =  Cmx  and  b^  =  C^x  are  determined 
by  the  momentum  spreading  rate  parameter  Cm  and  enthalpy  spreading  parameter 
C^.  Empirical  expressions  for  these  have  been  developed  in  Section  A. 5,  and 
are  as  follows: 


c  =  0.075 _ 

m  (l+CjVR) (1+C2M^) 


Ch  1,15  Cm 


(280) 


where  VR  =  Ua/U;  and  Mj  =  Uj/Cj,  the  jet  exit  Mach  number.  The  constants 
and  C2  were  determined  fromJ calibrations  with  conical  nozzle  flow  field 
velocity  measurements,  and  values  of  =  0.25  and  C2  =  0.08  were  found  to 
give  the  best  agreement  with  experiments.  Equation  (280)  is  actually  a  sim¬ 
plified  version  of  the  relations  developed  in  Section  A. 5,  since  the  explicit 
dependence  on  Reynolds  number  and  Prandtl  number  has  been  omitted. 


The  velocity  and  density  are  determined  from  the  distributions  of  (pU^) 
and  (pUH)  from  the  following  expressions: 


U 


pUH 

2i> 


V 


7  p M 

l  2* 


c  T  (pU2) 

p  a 

4* 


(281) 


where  H 

1  2 

=  C  T  +  vRJ  -  CT 

(282) 

P  t 

P  a 

and  ^  = 

-h  pa  +  i(>>u2) 

(283) 

and  p  = 

(pU2) 

2 

U 

1=  !*- 
pRg 

(28A) 

In  the  above  expressions,  C  and  Rg  are  the  specific  heat  at  constant  pres¬ 
sure  and  universal  gas  constant,  respectively  [Rg  =  YCp/(Y~l)]»  Y  is  the 
ratio  of  specific  heats,  and  pa  is  the  jet  static  pressure,  assumed  to  be 
equal  to  the  ambient  static  pressure.  The  local  temperature  is  T,  and  T0 
is  the  ambient  static  value. 

The  axial  trubulence  intensity  u’  is  computed  from  the  shear  stress 
components  utilizing  the  following  expression: 

(u’)2  -  yOtr/p)2  +  (t^/p)2  +  (10ix/p)2  (285) 

249 


>  vromm 


»> 


For  nozzles  with  an  axisymmetric  centerbodv  or  plug,  modifications  to 
the  above  computation  procedure  were  developed  in  Section  4.5.  This  modifi¬ 
cation  consists  of  a  coordinate  transformation  of  the  variables  (Rq,  4>)  as 
follows  : 

2  '> 

R  =  (Ar  -  A v) “  +  2  Ar  Av  [1 
o 

R  cos  1  =  Ar  -  Av,,  cos  (A  - 
o  ° 


/  2  2  /  2  2  / 
where  Ar  =  V  r  -  ^(x)  and  Av  =  v  vQ  -  r^  (0) 

and  rk(x)  is  the  centerbodv /plug  contour  coordinate  specification  For 
r^x)  0,  equations  (286)  reduce  to  equation  (279). 

Equations  (274)  through  (286)  completely  define  the  flow  field  calcula¬ 
tion  procedure.  As  discussed  in  the  previous  section,  the  flow  properties 
are  evaluated  at  all  field  points  corresponding  to  eddy  volume  element  cen¬ 
ters  (x,  r,  if)  required  for  the  subsequent  noise  prediction. 


cos  (  ■• 


0  1 


(286) 


4.7.4  Source  Spectrum  Fred  let i on 

The  noise  spectrum  generated  hv  a  given  eddy  volume  element  in  absence 
of  convection  and  fluid  shielding  effects  is  referred  to  herein  as  the  source 
spectrum.  As  discussed  in  Section  4.3,  each  eddy  volume  element  consists  of 
quadrupole  sources  of  various  orientations.  It  is  assumed  herein  that  the 
turbulence  is  locally  isotropic,  so  that  the  relative  ontributions  of  the 
various  quadrupole  types  are  specified  in  some  consistent  fashion. 

In  the  absence  of  convection  and  refraction  effects,  the  mean-square 
sound  pressure  in  the  far  field  due  to  a  finite  volume  of  turbulence  is 
given  by,  e.g.,  I.igbthi  1 1  ^  ^  as 


'  (R,  ■-■,*) 


R  .  R  R,  ’ 
J.  .* 


16— "t:  R 
a 


(  f  v  .  v  .  )  (e  '  v v ' )  d  *dv 
li  k  ' 


(287) 


where  v  denotes  the  position  vector  within  the  turbulence,  A  denotes  the 
s'parat  ion  vector  for  the  cross-eor rel  at  ion  between  (r.v  j  v.)  at  v  -  1 
( .  'v'vM  at  v  4-  1/2  ,  and  ;  denotes  the  tine  delav  of  the  cross-eoriv  1  t' 

A  sketch  of  the  coordinate  system  nomenclature  is  shown  in  Figure  l-  .  1 

The  terms  (evjVj)  and  (.-  ’  v£v*  )  are  the  fluctuating  momentum  stress.  -  ,  • 
hv  the  turbulent  mot  ion  islat  ive  to  the  moving  t  luid.  Rii'ner1  '  ‘ 
that  ,  hv  assuming  timt  tin-  sound  i  ietu  is  ax  i  svtmnet  r  i  c  and  t  a  ■ 

li  nce  is  local  i  v  isotropii  ,  onlv  a  tew  ul  tile  Si  possible  . 

indices  (  i  ,  j,  k,  I  in  iipiai  ion  (28/1  are  sig.nit  leant  a  a. 

Hie  source  strengli  is  c  name  I  er  i  .’.ed  bv  tin*  torn: 
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(288) 


It  is  assumed  that  the  turbulence  is  quasi-incompressible,  and  the  source 
strength  can  then  be  expressed  in  terms  of  the  fourth-order  velocity  corre¬ 
lation  tensor  =  (v^vjv^v^)  as  follows: 


(289) 


Ribner^-^)  assumes  the  tensor  to  be  expressible  in  terms  of 

linear  combinations  of  second-order  correlations  [see  e.g.,  Lin^®5^  Pg.  43] 
as  follows: 


ijk£ 


"  SikSj.  +  SUSjk  +  SijSB 


(290) 


where  =  vivj >  etc*  The  isotropic  turbulence  model  of  Batchelor(®6)  is 

then  used  to  evaluate  the  various  source  terms  IijkJt-  The  second-order 
correlations  are  assumed  to  be  separable  functions  of  £  and  x,  i.e.. 


Si;j(C,T)  =  (£)  g(T) 


(291) 


where  (f)  -  (u')2[(f  +  \  C  f’)  «i;)  -  \  f'C^j/5]  (292) 

and  f  =  f(£)  =  exp(-7r£2/L^),  £2  =  £2  +  £2  +  £2  (293) 


and  Lx  is  the  longitudinal  macroscale  of  the  turbulence.  The  function  g(x) 
is  the  time-delay  factor.  By  direct  substitution  of  expressions  (290) 
through  (293)  into  (289),  Ribner(39)  derives  the  following  expressions  for 
the  various  source  strength  components: 


1 


1111 


/2  3  2  ,  , 4  r  2.  .,iv 

~4  Lx  P  (u  '  1 


(294) 
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(b) 

(c) 


(295b) 

(295c) 


The  remaining  components  are  either  redundant  (e.g. ,  Ii212  "  *2121^  or 
not  contribute.  The  above  expressions  correspond  to  Rlbner's  "self  noise" 
contributions,  since  represents  the  fluctuating  component  of  the  total 
velocity  vector.  The  so-called  "shear  noise"  component  identified  by  Ribner 
is  not  considered  herein,  for  reasons  discussed  by  Mani(37,38). 

The  spectrum  of  Iim  is  obtained  by  a  Fourier  transformation  of  equa¬ 
tion  (294),  which  yields  the  following  expression: 

oo 

iim(n) "  4?  /  imi<T> elflT  dT 


or 

oo 

Illll(ft)  "  Lx  P2<u’)4nA  f  82<t>  dT  <296> 


where  ft  is  the  frequency  in  a  reference  frame  moving  with  the  turbulent  eddy. 
Following  Rlbner's  suggestion,  the  time  delay  factor  g(x)  is  assumed  to  have 
the  form 


g(T)  -  e 


-(t/t0)‘ 


(297) 


Substituting  equation  (297)  into  (296)  yields  the  following  form  for  the 
source  intensity  spectrum,  where  the  subscripts  (1111)  have  been  omitted 
for  brevity: 


I(fl)  -  ^  L*  p2(u')VT0H(nTo) 


(298) 


where 


H(nTo)  -  -jj  I  g2(x/T0)  einTo^To^d(x/To) 


‘  */ 


(299) 
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•  The  term  t0  represents  the  characteristic  time  delay  which  determines 
the  minimum  "significant"  correlation  in  a  moving  reference  frame.  For 
example,  one  criterion  might  be  that  t0  is  the  time  delay  for  which  the 
correlation  falls  to  1/e  of  its  peak  value,  or  10%  of  its  peak  value,  etc. 
Alternatively,  it  can  be  defined  as  t0  =  J°°  g(-r)dr.  Davies,  et  al. (16) 
have  made  measurements  of  the  cross  correction  of  (vjvp  in  a  subsonic 
round  jet,  in  the  initial  mixing  zones.  Their  results  show  that  td  (based 
on  1/e  criterion)  was  proportional  to  the  inverse  of  the  mean  shear,  i.e., 

-1 

(300) 


In  addition,  they  found  that  L  and  tq  could  be  correlated  with  turbulence 
intensity  u'  by  the  relation 

u't  'v  L  (301) 

o  x 

combining  (301)  and  (298),  the  final  expression  for  source  intensity  spectrum 
is  obtained: 

1(0)  p2(u’)7(0to)4  exp  [-  |(fix0)2]  (302) 

The  turbulence  spectrum  is  essentially  represented  by  equation  (299), 
while  the  noise  spectrum  is  represented  by  (302).  The  noise  spectrum  is 
essentially  the  turbulence  spectrum  multiplied  by  frequency  to  the  fourth 
power . 

The  constant  of  proportionality  in  (302)  must  be  determined  empirically. 
Equation  (302)  represents  the  source  intensity  spectrum  of  an  x-x  quadrupole, 
with  indices  (1111).  From  equation  (295b),  the  cross  correlations  between 
quadrupoles  of  different  types  are  weak;  for  example,  the  correlation  between 
a(ll)  or  (x-x)  quadrupole  and  a(33)  or  (z-z)  quadrupole  to  give  the  contri¬ 
bution  Iii33  ls  only  1/8  of  that  for  Imj.  It  can  therefore  be  assumed  that 
the  quadrupoles  of  a  given  type  do  not  effectively  correlate  with  quadrupoles 
of  other  types,  correlating  significantly  only  with, themselves.  Similarly, 
the  factor  7/16  which  relates  (x-y),  (x-z),  and  (y-z)  quadrupole  contribu¬ 
tions  to  the  (x-x)  quadrupole  contribution  in  equations  (295c)  can  be  replaced 
by  1/2  without  significant  loss  of  generality  or  accuracy. 

4.7.5  Acoustic  Prediction 

In  Section  4.3,  expressions  were  developed  for  the  far-field  noise  of 
convected  quadrupoles  imbedded  in  a  parallel  shear  flow,  utilizing  high- 
frequency  asymptotic  solutions  to  Lilley's^^)  equation.  These  expressions, 
for  a  source  of  unit  volume  and  unit  strength,  when  applied  to  a  collection 
of  sources  distributed  throughout  a  parallel  shear  flow  model  of  the  jet 
plume,  yield  the  following  equation  for  the  far-field  noise  spectrum: 

p2(R,8,fi)  -  /  a(a  +  4a  +  2a  +  2a  )dy  (303) 

r  /  xx  xy  yy  yz  J 

y 

(  990i 
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where  the  integration  is  over  the  entire  jet  plume.  The  factors  a**,  a^, 
ayy,  and  ayz  are  the  directivity  factors  for  each  of  the  contributing  quad¬ 
ruple  types  contained  in  each  turbulent  eddy  volume  element.  The  factor  a 
is  given  by* 


2  2  4 
16*  R  C 

a 


(a  «y 


(1  -  M  cos0)  2(1-M  cos0)  ^ 
o  c 


(304) 


where  I (SI)  is  given  by  equation  (302),  and  subscript  "o"  refers  to  the 
volume-element  or  eddy-center  location  conditions.  The  parameters  Mq  and 
Me  are  defined  as 


(305) 


where  Uc  is  the  effective  convection  velocity  of  the  eddy. 


The  directivity  factors  axx,  a^,  ayy  and  ayZ  have  different  forms, 
depending  on  the  location  of  the  source  and  the  velocity  and  temperature 
profiles  in  the  vicinity  of  the  source.  As  discussed  in  Section  4.3,  these 
factors  depend  explicitly  upon  a  shielding  function  g2,  which  has  the 
form:  n  .  . 


g2(r) 


(1-Mcos 0)2(Ca/C)2  -  cob2 6 

(1-M  cos0) ^ 
c 


(306) 


where  C  «*  C(r)  and  M  *  M(r)  ■  U(r)/Ca.  Given  a  velocity  U(r)  and  temperature 
profile  C(r)~/T(r) ,  the  shielding  function  profile  can  be  computed  per  equa¬ 
tion  (306).  Depending  on  the  observer  angle  0  and  the  profile  shapes,  the 
profile  of  g2(r)  may  have  both  positive  and  negative  "zones",  or  may  be  posi¬ 
tive  for  all  values  of  r.  If  a  negative  region  exists,  the  possibility  of 
fluid  shielding  of  the  sound  source  exists,  depending  on  the  location  of  the 
sound  source  relative  to  the  negative  or  shielding  zone.  The  location  r  ■  r0 
where  g^(r)  crosses  zero  is  termed  a  turning  point.  In  practice,  more  than 
one  turning  point  can  occur,  although  more  than  two  turning  points  is  very 
rare. 

A  maximum  of  two  turning  points  is  considered  herein.  This  allows  six 
possible  situations  regarding  the  source  location  relative  to  a  shielding 
zone.  These  are  Illustrated  qualitatively  in  Figure  4-111.  This  figure 
shows  g2(r)  plotted  versus  radial  distance  in  the  jet  plume  for  six  cases. 

In  case  (a),  g2(r)  is  positive  for  all  values  of  r,  and  shielding  of  the 
source  does  not  occur  regardless  of  where  it  is  located  radially  in  the  jet. 
In  case  (b) ,  the  source  is  located  outboard  of  the  region  where  g^(r)  is 
negative,  and  still  no  shielding  occurs.  In  case  (c) ,  however,  the  source  is 
located  inboard  of  the  turning  point,  rD  <  raj,  and  lies  inside  the  shielding 
zone.  The  source  will  therefore  be  shielded  to  some  extent. 


Note  that  a  has  one  less  doppler  factor  than  that  given  by  Section  4.3  to 
account  for  the  reduced  number  of  eddies  which  contribute  at  a  given  time 
for  a  fixed  source  region,  as  discussed  by  Ffowcs -Williams ^ . 
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Figure  4-111.  Possible  Solution  Types  for  a  Maximum  of  Two  Turning 
Points.  Shaded  Areas  Denote  Shielding  of  Source. 
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Cases  (d,e,f)  of  Figure  4-111,  show  that  there  are  two  turning  points, 
r0^  and  r02  >  r0^.  In  case  <d),  the  source  lies  outside  of  both  turning 
points  and,  therefore,  sees  no  shielding.  In  case  (e),  the  source  lies 
between  the  two  turning  points  and  thus  is  shielded  by  the  fluid  layer  be¬ 
tween  r  ■  rc  and  r  -  o 2*  Finally,  in  case  (f),  the  source  lies  inboard  of 
both  turning  points  and,  therefore,  is  shielded  by  the  entire  fluid  layer 
r0l  <  r  <  r02. 


The  acoustic  radiation  solutions  for  all  of  the  six  cases  illustrated 
in  Figure  4-111  are  worked  out  in  detail  in  Section  4.3,  and  yield  different 
forms  for  the  directivity  factors  a**,  axy,  ayy ,  and  ayz  for  each  case.  These 
directivity  factors  have  the  following  forms: 
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(307b) 
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yz 
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yz 
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where  g0  is  the  value  of  g^(r)  at  the  source  radius  r  *  rQ.  The  shielding 
coefficients  BXx»  ®xy»  8yy ,  and  6yz  depend  upon  the  case  encountered  in  Fig¬ 
ure  4-112.  If  the  parameters  6qi»  8q2»  an<*  ®12  are  defined  as 


r°l 

Bq1  -  exp  j  -2k  J  |g2(r) | 1/2  dr 


r°l 


(308a) 


(308b) 


(308c) 
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where  k  =  fi/Ca,  the  shielding  coefficients  are  then  determined  from  the 
following  table: 


Table  4.7.1.  Shielding  Coefficients  6i j . 


Case 

a 


8xx  &xy  Byy 

111 


Byz 

1 


b 


1111 


c 

d 


Soi  000 

1111 


e 


&02  0 


0  0 


f 


e12  e12  B12  B12 


Note  that  a  value  for  0^,  etc.,  of  unity  [as  in  cases  (a),  (b)  ,  and  (d)] 
indicates  no  fluid  shielding.  When  the  source  is  imbedded  within  the  shield¬ 
ing  zone,  as  in  cases  (c)  and  (e) ,  only  the  x-x  quadrupole  contributes,  for 
reasons  explained  in  Section  4.3. 


4.7.6  Shock-Cell  Noise  Prediction 

As  was  discussed  in  Section  4.7.2,  the  shock-cell  broadband  noise  pre¬ 
diction  is  based  on  a  modification  of  the  theory  of  Harper-Bourne  and 
Fisher'  A  thorough  discussion  of  this  theory  and  its  application  to 

noncircular  nozzles  can  be  found  in  Section  4.6. 

Although  the  analysis  of  Section  4.6  demonstrates  that  noncircular 
nozzle  shock-cell  noise  exhibits  the  same  scaling  of  noise  level  with  oper¬ 
ating  conditions  as  that  for  a  conical  nozzle,  the  influence  of  nozzle  shape 
on  noise  level  and  spectrum  shape  is  not  quantified  to  the  extent  that  a 
verified  prediction  method  can  be  established.  A  method  of  predicting  the 
shock-cell  structure  (number  of  cells,  spacing,  etc.)  is  required  for  develop¬ 
ment  of  a  general  shock-cell  noise  prediction  procedure.  An  interim  shock¬ 
cell  noise  prediction  method  has  therefore  been  adopted  for  incorporation 
into  the  unified  aeroacoustlc  prediction  model,  with  the  expectation  of 
replacement  by  a  more  general  method  at  some  future  date. 

The  interim  method  is  essentially  that  of  Deneuville(®7) ,  with  some 
modifications  to  simplify  the  calculation  and  incorporate  some  of  the  ideas 
developed  in  Section  4.6  for  noncircular  nozzles.  The  modifications  for 
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simplifying  the  calculation  procedure  are  discussed  in  detail  by  Gliebe(88). 
The  method  consists  of  modeling  the  shock-cell  noise  component  of  the  spectrum 
by  two  straight  lines,  as  illustrated  in  Figure  4-112.  The  primary  variables 
required  are  peak  sound  pressure  level,  SPLp,  and  the  frequency,  fp,  at  which 
this  occurs. 

Given  a  nozzle  operating  at  pressure  ratio,  PR,  jet  velocity  U j ,  ht  'ing 
total  flow  area  A  j ,  equivalent  diameter  Deq  =  AaJ/tt,  and  hydraulic  diameter 
Dh  =  4Aj/Pw  (where  Pw  is  the  nozzle  boundary  wetted  perimeter),  the 
parameters  SPLp  and  fp  can  be  computed  as  a  function  of  observer  angle  0j. 

The  computation  proceeds  as  follows : 

(1)  compute  shock  strength  parameter  6  from 


8=  M.  -1 


where  M. 


Y-l 


PR  Y  -1 


(2)  compute  average  shock-cell  spacing  Lavg  from 


L  =  1.1  6  D 
avg  eq 


(3)  compute  peak  noise  frequency  from 


U  , 

f p  =  L~  (1  +  Mccos0l> 
avg 


where  U  =  0 . 7  U .  and  M  =  U  /C  . 
c  j  c  c  a 


(4)  compute  peak  SPL  from 


SPLp  (ex)  =  152.6  +  40  log 10  (B)  +  10  log10  (Aj/R^) 
+  10  log1Q  (Dh/Deq)  _  ^0  loSXo  ~  Macos9I) 


+  10  log1Q  (N/8) 


(309) 

(310) 


(311) 


(312) 


(313) 


where  Ma  =  Ua/Ca,  the  flight  Mach  number,  and  N  is  the  number  of  shock  cells. 
Use  N  =  8  for  conical  nozzles.  Experimental  measurements  of  cell  number  for 
other  nozzles  are  required  to  provide  input  values  of  N.  As  a  guide,  use 
N  =  8  unless  available  experimental  data  indicates  otherwise.  It  is  suspected 
that,  for  mulcichute/spoke  nozzles,  N  =  4  is  a  more  realistic  value. 


The  spectrum  shape  is  then  cacluated  from  the  assumed  two  straight-line  model 
shown  in  Figure  4-112.  The  equations  are  as  follows: 


SPL(f ,  0X)  =  SPL  (0j)  -  10  log10(f/f  )  ,  f  >  f 
SPL(f ,  9T)  =  SPLpCGj)  +  70  log1()(f/f  )  ,  f  <  f 


(314) 


Equations  (309)  through  (314)  completely  describe  the  shock-cell  noise  pre¬ 
diction  method  for  obtaining  l/3-octave  spectra  at  any  observer  angle  Qj. 


4.7.7  Aeroacoustic  Model  Integration 

The  preceding  sections  have  outlined  the  basic  structure  of  the  predic¬ 
tion  method  and  have  presented  the  component  building  blocks  in  detail. 

This  section  describes  how  these  building  blocks  are  tied  together.  Addi¬ 
tionally,  some  practical  considerations  are  presented  which  resulted  from 
experience  in  exercising  the  model,  and  which  were  found  helpful  in  producing 
reasonably  accurate  predictions  while  maximizing  computational  efficiency. 

The  mixing  noise  spectrum  is  computed  from  equation  (303) ,  with  the 
integration  over  the  jet  plume j"(  )dy  replaced  (or  approximated)  by  a  summa¬ 
tion  over  all  eddy-volume  elements.  Since  equation  (303)  represents  the 
narrowband  spectrum  in  terras  of  source  frequency  ft  (emitted  frequency  in  a 
reference  frame  moving  with  the  eddy),  a  conversion  is  made  to  1/3-octave 
based  on  observed  center  frequency  f.  It  is  assumed  that  the  1/3-octave  band 
level  can  be  approximated  by  the  narrow  band  level  evaluated  at  the  center 
frequency,  multiplied  by  the  band  width,  rather  than  integrating  the  narrow- 
band  level  distribution  over  the  band  width.  To  convert  to  observed  fre¬ 
quency,  the  standard  1/3-octave  center  frequencies  are  used.  For  each  eddy- 
volume  element,  at  each  observer  angle  0j  =  180°  -  0,  the  source  frequency  is 
calculated  for  each  1/3-octave  center  frequency  from  the  relation 

ft  =  2tt  f  (1  -  Mccos0)  (315) 

Having  evaluated  the  characteristic  time  delay  t0  from  equation  (300) ,  the 
spectrum  shape  of  a  given  eddy,  equation  (302) ,  determines  the  amount  con¬ 
tributed  by  a  given  eddy  at  that  1/3-octave  frequency.  Theoretically,  all 
eddies  contribute  some  amount  at  all  1/3-octave  frequencies,  but  the  rather 
"peaky"  nature  of  I(ft)  given  by  equation  (302)  dictates  that  the  major  con¬ 
tribution  of  an  eddy  will  be  in  the  vicinity  of  ft  ^  4/t0. 

Computationally,  the  integrand  of  equation  (303)  can  be  expressed  ex¬ 
plicitly  in  terms  of  observed  frequency,  since  the  source  frequency  always 
occurs  in  the  combination  ft / (1  -  Mccos0).  The  one  exception  is  in  the  ex¬ 
ponent  of  the  spectrum  function  I(ft),  equation  (302).  For  example,  the 


product  a  axx  can  be  rewritten  as 


Pa2(u')7(27Tfto)2  exx  COS40  / 
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a  i 
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Similar  expressions  can  be  derived  for  a  a,^,  etc. 

The  eddy  convection  factor  (1  -  Mccos0)  has  a  singularity  at  McCosQ  =  1. 
To  circumvent  this  computational  difficulty,  it  is  replaced  by  a  modified 
convection  factor  as  suggested  by  Ff owcs-Williams (6)  and  Ribner(39)  as  fol¬ 
lows  : 


C  =  (1  -  M  cose)  -*  /  (1-M  cose)2  +  (cc  u'/c  )2  (316) 

c  yj  c  t  a 

where,  as  Ffowcs-Williams  and  Ribner  have  shown,  the  term  (ctf-u’/Cg)  accounts 
for  the  finite  life-time  of  the  eddy  as  it  is  convected  downstream.  The 
constant  at  was  determined  from  comparison  of  prediction  with  experiments  to 
be  approximately  0.5,  independent  of  source  location,  jet  operating  condi¬ 
tions,  and  nozzle  geometry.  The  additional  assumption  was  made  that  the  flow 
convection  factor  (1-Mocos0)  can  be  replaced  by  the  modified  eddy  convection 
factor  C  giver,  by  equation  (316). 

It  was  also  found  that  the  eddy  convection  Mach  number  must  be  a  function 
of  the  local  flow  Mach  number  of  the  eddy-volume  being  considered.  Several 
expressions  for  Mc  were  tried,  and  the  one  which  was  found  to  give  the  best 
results  over  a  wide  range  of  nozzle  operating  conditions  and  geometries  was 
as  follows: 

M  =  4  (M  +  0.65  M.)  (317) 

c  2  o  j 

where  Mj  =  Uj/Ca,  the  nozzle  exit  acoustic  Mach  number.  Equation  (317) 
represents  a  simple  average  of  the  classical  assumption  Mc  =  0.65  M-i  and  the 
local  Mach  number  Mq  =  M(r0).  For  suppressor  nozzles,  equation  (31/)  works 
best  if  Mj  is  replaced  by  the  postmerged  potential  core  Mach  number 
M,„  =  Um/Ca.  This  can  be  evaluated  from  the  results  of  the  flow  field  calcu¬ 
lation  described  in  Section  4.7.3. 

The  formulation  for  u' ,  the  turbulence  intensity,  as  given  by  equation 
(285),  yields  reasonable  agreement  with  flow  field  measurements,  at  least  for 
subsonic  round  jets.  The  noise  levels  at  low  frequencies,  however,  are  under¬ 
predicted  when  this  form  for  u'  is  employed.  Diagnostic  calculations  reveal 
that  this  underprediction,  '-’hich  occurs  even  for  subsonic  jets,  is  associated 
with  the  eddy  volume  elements  far  downstream  in  the  jet,  in  the  fully- 
developed  similarity  region.  In  particular,  the  contribution  due  to  xx  along 
the  center-line  of  the  jet  is  underestimated.  This  has  subsequently  been 
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attributed  to  the  assumption  of  isotropic  turbulence  which  was  adopted,  and  to 
the  neglect  of  upstream  history  (turbulence  convected  from  upstream  stations) 
in  the  aerodynamic  model. 


To  circumvent  these  difficulties,  an  amplification  factor  is  introduced 
to  enhance  the  contribution  of  xx  to  the  calculation  of  u'  used  in  the  noise 
computation.  Subsequent  numerical  experiments  with  multielement  suppressor 
nozzles  have  revealed  a  similar  problem  with  the  contribution  of  t*  to  u' . 
Equation  (285)  was  therefore  modified  to  calculate  an  equivalent  u  repre¬ 
sentative  of  the  noise-producing  turbulence  level  existing  in  the  flow,  as 
follows: 


where  6t  and  3t  are  empirically-determined  constants.  From  numerical  experi¬ 
ments,  it  was  found  that  6t  =  2.0  and  =  4.0  gave  the  best  results  over  the 
range  of  jet  velocities,  jet  temperatures,  and  nozzle  geometries  examined. 

Two  additional  modifications  are  made  for  nonaxisymmetric  nozzles  (multilobe 
chute,  tube,  etc.).  First,  the  acoustic  theory,  derived  in  Section  4.3  and 
summarized  in  Section  4.7.5,  applies  only  to  axisymmetric  jets.  The  necessary 
assumption  is  made  that  a  representative  average  radial  profile  at  each  axial 
station  can  be  derived  which,  when  inserted  in  the  acoustic  calculation,  will 
adequately  model  the  acoustic  characteristics  of  the  asymmetric  jet.  The 
mass-averaged  values  of  U  and  p  are  calculated  from  the  azimuthal  average  of 
the  quantities  pU^  and  pUH,  utilizing  equations  (281)  through  (284).  The 
resulting  distributions  of  U(x,r)  and  p(x,r)  are  then  employed  in  the  acoustic 
calculation  described  in  Section  4.7.5. 

The  second  modification  required  for  nonaxisymmetric  jets  is  the  revision 
of  equation  (300)  for  computing  the  characteristic  time  delay  of  each  volume 
element.  For  a  multichute  or  lobe  nozzle,  for  example,  there  are  volume 
elements  close  to  the  nozzle  exit  plane  which  have  negligible  radial  gradients 
3U/9r  but  large  azimuthal  gradients  3U/3cj> .  It  is  therefore  assumed  that  t0 
is  a  function  of  both  9U/9r  and  9U/9(J>.  From  Reichardt's  hypothesis  (see 
Section  4.5),  the  transverse  shear  stresses  are  related  to  9U/9r  and  9U/9<|> 
by  the  approximate  formulae 


and 


_ <£_  ^  x_ 

P  ~  r 


where  X  =  x/2.  Thus  the  transverse  derivatives  of  U  can  be  expressed 

in  terms  of  tr  and  as  follows: 


(Tr/p) 

UCm2x 


and 
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A  new  transverse  derivative  3U/3n  is  therefore  defined  in  terms  of  the  above 
r  and  <j>  derivatives  as  follows. 


3U 

3n 


(319) 


such  that  t 

o 


(320) 


The  parameter  pt  is  an  empirical  constant  which  must  be  evaluated  from  com¬ 
parison  with  experiments.  Euqations  (319)  and  (320)  replace  equation  (300) , 
and  reduce  to  equation  (300)  when  the  jet  flow  is  axisymmetric,  i.e., 

3U/ 3 <f>  =  0.  It  is  found  from  numerical  experiments  that  yt  =  2.0  gives  best 
agreement  with  far-field  acoustic  measurements. 

In  the  case  of  heated  jets  at  low  nozzle  exit  velocities  (V-s  <  1400  fps)  , 
additional  dipole  and  simple  source  terms  associated  with  the  velocity  fluc¬ 
tuations  imbedded  in  transverse  gradients  of  the  mean  flow  density  become 
important.  This  aspect  of  heated  jet  noise  is  discussed  by  Mani(38).  These 
low  velocity  noise  source  contributions  are  not  incorporated  into  the  final 
aeroacoustic  prediction  model.  This  requires  reformulation  of  Mani's^  ' 
results  in  the  framework  of  the  high-frequency  shielding  theory  described 
in  Section  4.3.  Such  additional  development  is  necessary  to  extend  the 
model  to  low-velocity  heated  jet  noise  applications. 

Section  4.4  shows  that  for  prediction  of  jet  noise  in  flight  the  mean 
square  sound  pressure  level  should  be  multiplied  by  the  dynamic  amplification 
factor  (1  +  Macos0)~l  (where  Ma  =  Ua/ca).  In  addition,  the  convection  and 
flow  Mach  numbers  should  be  replaced  by  (Mc  -  Ma)  and  (Mo  -  Ma) ,  respectively 
(where  Mc  and  MQ  are  evaluateu  in  a  reference  frame  fixed  to  the  nozzle). 

Finally,  in  all  predictions  of  1/3-octave  spectra,  the  atmospheric  atten¬ 
uation  corrections  given  by  Bass,  et  al. (84)  are  applied,  using  standard-day 
corrections  (70%  relative  humidity  and  59°  F  dry-bulb  temperature)  evaluated 
at  the  center  frequency. 


4.7.8  Data-Theory  Comparisons 

Extensive  data/theory  comparisons  have  been  carried  out  for  a  wide 
variety  of  nozzle  configurations,  using  the  aeroacoustic  model  described 
above.  Comparisons  are  made  between  predicted  and  measured  far-field  acoustic 
spectra  over  a  range  of  velocity  and  temperature  conditions.  A  summary  of 
the  various  cases  examined  is  given  in  Table  4.7.2.  Prior  to  carrying  out 
these  data  -  theory  comparisons,  extensive  calibrations  of  the  empirical 
constants  contained  in  the  model  were  carried  out  utilizing  cold  round  jet 
experimental  results  (Olsen,  et  al.(l^)  and  Tanna,  et  al.(°9). 
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Table  4.7.2.  Data  -  Theory  Comparison  Case  Summary 


Case 

Fig. 

Nozzle  Type 

Deq 

AR 

PR 

TTj 

Vj 

VR 

TR 

R 

1 

4-113 

Conical 

4.64 

_ 

2.06 

1739 

1211 

— 

— 

40 

2 

4-113 

4.64 

— 

1.98 

1203 

1602 

— 

— 

40 

3 

4-113 

4.64 

— 

1.95 

704 

1985 

— 

— 

40 

4 

4-114 

4.64 

— 

3.67 

1504 

2380 

— 

— 

40 

5 

4-115 

0.79  R/R  Plug 

3.74 

— 

1.73 

820 

1200 

— 

— 

40 

6 

4-116 

3.74 

— 

2.45 

1190 

1800 

— 

— 

40 

7 

4-117 

3.  74 

— 

3.29 

1557 

2340 

— 

— 

40 

8 

4-118 

Coplanar  Coaxial 

4.64 

2.00 

1.80 

549 

1009 

0 

0 

40 

9 

4-119 

(Conv.  Bypass) 

4.64 

2.00 

1.80 

551 

1012 

0.19 

0.982 

40 

10 

4-120 

4.64 

2.00 

1.80 

549 

1012 

0.402 

0.991 

40 

11 

4-121 

4.64 

2.00 

1.80 

547 

1009 

0.597 

0.996 

40 

12 

4-122 

4.64 

2.00 

1.80 

546 

1006 

0.799 

0.998 

40 

13 

4-123 

4.64 

2.00 

1.80 

550 

1007 

1.255 

0.998 

40 

14 

4-124 

4.64 

2.00 

1.80 

1292 

999 

0.513 

0.436 

40 

15 

4-125 

Coplanar  Coaxial 

2.94 

0.40 

2.45 

1178 

1792 

1.50 

1.189 

40 

16 

4-126 

(Inverted  Flow) 

2.94 

0.40 

3.26 

1607 

2366 

1.99 

1.622 

40 

17 

4-127 

Coplanar  Coaxial 

3.74 

0.647 

2.20 

998 

1481 

1.53 

1.919 

40 

18 

4-128 

(Inverted  Flow) 

3.74 

0.647 

2.42 

1196 

1797 

1.49 

1.201 

40 

19 

4-129 

3.74 

0.647 

3.27 

1603 

2366 

1.94 

1.613 

40 

20 

4-130 

Coplanar  Coaxial 

6.58 

2.00 

2.07 

996 

1500 

1.47 

1.775 

40 

21 

4-131 

(Inverted  Flow) 

6.58 

2.00 

2.74 

1311 

1991 

1.92 

2.256 

40 

22 

4-132 

Dual  Flow  Plug 

3.75 

0.647 

2.46 

1200 

1811 

1.47 

1.200 

40 

23 

4-133 

(Inverted  Flow) 

3.75 

0.647 

3.27 

1650 

2402 

1.97 

1.650 

40 

24 

4-134 

7-Tube 

2.32 

1.56 

1616 

1525 

— 

— 

9 

25 

4-134 

— 

1.84 

1605 

1750 

— 

— 

9 

26 

4-134 

— 

2.71 

1602 

2200 

— 

— 

9 

27 

4-135 

32-Chute  (2.1) 

— 

2.65 

1685 

2246 

— 

— 

320 

28 

4-136 

36-Chute  (1.5) 

21.12 

— 

1.74 

820 

1200 

— 

— 

2400 

29 

4-136 

— 

1.99 

1618 

1871 

— 

— 

(S/L) 

30 

4-136 

— 

3.06 

1766 

2428 

— 

— 

31 

4-137 

36-Chute  (2.0) 

21.12 

— 

1.74 

820 

1200 

— 

— 

2400 

32 

4-137 

— 

2.00 

1632 

1892 

— 

— 

(S/L) 

33 

4-137 

— 

2.95 

1756 

2387 

— 

— 

34 

4-138 

36-Chute  (2.5) 

21.12 

— 

1.74 

820 

1200 

— 

— 

2400 

35 

4-138 

— 

2.02 

1619 

1890 

— 

— 

(S/L) 

36 

4-138 

— 

3.00 

1757 

2400 

— 

— 

37 

4-139 

8-Lobe  Daisy 

11.50 

- - 

1.58 

1290 

1377 

— 

— 

400 

38 

4-140 

— 

1.99 

1497 

1800 

— 

— 

(S/L) 

39 

4-141 

— 

2.53 

1686 

2186 

— 

— 

Cases  1  -  23  in  Table  4.7.2  represent  axisymmetric  jet  configurations, 
while  cases  24  -  40  represent  multielement  nozzles  of  various  shapes  and 
element  numbers.  The  experimental  data  for  these  comparisons  were  obtained 
from  the  experimental  phases  of  tasks  2,  3,  and  4  of  the  present  program. 

The  definitions  of  the  parameters  listed  in  Table  4.7.2  are  given  below. 

Deq  -  Equivalent  flow  -  area  diameter  /4Aj/u,  inches;  for  dual-flow 
systems,  Deq  is  based  on  primary  stream  flow  area.  For  con¬ 
ventional  bypass  nozzles,  the  inner  stream  is  the  primary 
stream;  for  inverted-flow  nozzles,  the  outer  stream  is  the 
primary  stream. 

AR  -  Outer-to-inner  stream  area  ratio 

PR  -  Primary  stream  stagnation-to-ambient  pressure  ratio 

T-pj  -  Primary  stream  stagnation  temperature,  °  R 

Vj  -  Primary  stream  ideal  jet  velocity,  fps 

VR  -  Outer-to-inner  stream  velocity  ratio 

TR  -  Outer-to-inner  stream  stagnation  temperature  ratio 

R  -  Observer  distance,  ft.  All  cases  are  presented  on  a  constant- 

radius  arc  except  cases  (28  -  39) ,  which  are  on  a  sideline 
(S/L). 

A  summary  of  the  basic  geometric  characteristics  of  each  of  the  nozzle 
configurations  listed  in  Table  4.7.2  is  given  in  Table  4.7.3.  Further  de¬ 
tails  of  the  nozzle  hardware  are  reported  in  the  Task  3  results  of  this 
program.  Details  of  the  seven-tube  nozzle,  cases  (24  -  26),  are  reported 
in  Section  5.6  of  this  report. 

At  the  time  that  many  of  the  data  -  theory  comparison  studies  were 
being  conducted,  the  shock-cell  noise  component  of  the  aeroacoustic  model 
was  not  developed  to  the  point  that  predictions  for  noncircular  nozzles 
could  be  made  with  confidence.  In  these  cases,  data  -  theory  comparisons 
were  made  with  the  shock-cell  noise  component  omitted  from  the  prediction, 
and  forward-arc  spectral  comparisons  were  sometimes  avoided  because  of  the 
expected  shock-cell  noise  contamination  of  the  data.  Those  cases  where 
shock-cell  noise  was  included  in  the  prediction  were:  case  4  (conical); 
case  26  (7-tube  nozzle;  and  case  39  (8-lobe  nozzle).  In  addition,  for  cases 
6  and  7  (0.79  radius-ratio  plug  nozzle),  the  equivalent-area  conical  nozzle 
shock-noise  OASPL  is  indicated  on  the  appropriate  figure.  Omission  of  the 
shock-cell  noise  component  in  the  prediction  of  multichute  nozzle  cases  shows 
that  forward-arc  noise  can  still  be  predicted  accurately,  indicating  that 
shock-cell  noise  is  not  a  significant  factor  for  these  cases. 


Table  4.7.3.  Data/Theory  Comparison  Configurations 


Some  general  observations  can  be  made  about  the  data  -  theory  comparisons 
which  apply  to  certain  classes  of  nozzle  geometries  and/or  to  certain  regimes 
of  operation.  Cases  1-3  represent  operation  of  a  conical  nozzle  at  a  fixed 
pressure  ratio  (PR  *  2.0)  and  varying  jet  velocity  by  variation  of  jet  temper¬ 
ature.  The  nozzle  exit  Mach  number  is  approximately  unity,  and  therefore 
shock-cell  noise  should  not  be  present.  The  degree  to  which  theory  agrees 
with  data  for  these  cases  is  therefore  a  test  of  the  turbulent  mixing  noise 
and  flow  shielding  components  of  the  prediction  model.  In  considering  all  of 
the  comparisons  shown  in  Figure  4-113,  there  does  not  appear  to  be  any  obvi¬ 
ous  deficiency  in  the  model. 

Case  4  (shown  in  Figure  4-114)  demonstrates  the  coupling  of  the  shock¬ 
cell  and  mixing  noise  components  of  the  model.  This  (conical  nozzle)  case 
contains  substantial  supersonic  flow  (PR  *  3.67),  and  shock-cell  noise  dom¬ 
inates  the  forward-arc  noise  (9j  ±  90°).  The  good  agreement  observed  between 
data  and  theory  indicates  that  the  assumption  that  mixing  noise  and  shock¬ 
cell  noise  are  noninteractive  and  can  be  calculated  independently  is  a  reason¬ 
able  one. 

Cases  5-7  (Figures  4-115  through  4-117)  show  reasonably  good  agreement 
between  data  and  theory,  and  demonstrate  the  ability  of  the  model  to  simulate 
plug  nozzle  flow  fields  and  associated  noise  characteristics.  The  shock-cell 
noise  component  was  not  included  in  these  predictions,  but  the  shock-cell 
noise  OASPL  levels  for  an  equivalent  -  area  conical  nozzle  are  indicated  on 
the  directivity  curves  where  applicable.  These  results  confirm  the  observa¬ 
tions  made  in  Section  4.6  that  annular  plug  nozzles  exhibit  lower  shock-cell 
noise  than  a  conical  nozzle. 

The  conventional  bypass  coplanar  coaxial  jet  data  -  theory  comparisons, 
cases  8-14  (shown  in  Figures  4-118  through  4-124)  generally  show  good  agree¬ 
ment  between  data  and  theory  for  all  cases.  The  model  adeuqately  duplicates 
the  observed  changes  in  spectral  characteristics  with  outer- to- inner  stream 
velocity  ratio.  One  discrepancy  noted  is  the  tendency  to  predict  a  steeper 
fall-off  of  the  high  frequency  side  of  the  spectrum  than  is  observed  for 
0.4  <  VR  <  0.6.  This  tendency  applies  to  cases  10  -  11,  which  are  ambient 
temperature  jets.  For  the  heated  inner  stream  condition  with  VR  »  0.5, 
case  14,  underprediction  of  the  high-frequency  noise  does  not  appear  to  be 
as  much  of  a  problem. 

Data  -  theory  comparisons  for  the  inverted-flow  coplanar  coaxial  jets 
are  shown  in  Figures  4-125  through  4-131.  The  area  ratios  vary  from  0.4  to 
2.0,  and  velocity  ratios  of  1.5  and  2.0  are  examined  for  each  area  ratio. 

These  cases  are  representative  of  dual-flow  exhaust  systems  applicable  to 
duct-burning  turbofan  and  variable-cycle  engine  systems.  In  general,  there 
is  good  agreement  between  data  and  theory  with  no  apparent  consistent  failure 
of  the  model.  When  these  predictions  were  first  attempted,  the  model  did  not 
correctly  predict  the  observed  double-peak  spectrum  shape  at  angles  close  to 
the  jet  axis,  130®  <_  <_  180®. 
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Figure  4-114.  Data/Theory  Comparison  Case  4:  4.64  in.  Conical  Nozzle 
Operating  at  Supersonic  Pressure  Ratio;  (a)  SPL  Spectra 
at  9t  =  50°  and  90°. 
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Data/Theory  Comparison  Case  5;  0.79  Radius 
Ratio  Plug  Nozzle;  (a)  SPL  Spectra  at  0  = 
and  110°.  1 
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Data /Theory  Comparison  Case  5;  0.79  Radius  Ratio 
Plug  Nozzle  (Concluded) ;  (c)  OASPL  Directivity  ana 
PWL  Spectrum. 
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Figure  4-116.  Data/Theory  Comparison  Case  6:  0.79  Radius 

Ratio  Plug  Nozzle,  Vj  =  1800  fps  (Concluded); 
(c)  OASPL  Directivity  and  FWL  Spectrum. 


.1  1.0  10  100 


l/3-0ctave  Frequency,  kHz 

Figure  4-117.  Data/Theory  Comparison  Case  7:  0.79  Radius 

Ratio  Plug  Nozzle,  V  =  2340  fps;  (a/  SPL 
Spectra  at  0T  =90°  and  110°. 
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Figure  4-117.  Data/Theory  Comparison  Case  7:  0.79  Radius 

Ratio  Plug  Nozzle,  Vj  =  2340  fps  (Continued); 
(b)  SPL  Spectra  at  0r  =  130°  and  150°. 
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Figure  4-117.  Data/Theory  Comparison  Case  7:  0.79  Radius 

Ratio  Plug  Nozzle,  Vj  =  2340  fps  (Concluded); 
(c)  OASPL  Directivity  and  PWL  Spectrum. 
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y  Comparison  Case  8;  AR  =  2.0 
Coaxial  Jet,  VR  =  0  (Continued);  (b)  SPL 
at  9j  =  130°  and  150°. 
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Data  Theory  Comparison  Case  8;  AR  =  2.0 
Coplanar  Coaxial  Jet,  VR  =  0  (Concluded); 
(c)  OASPL  Directivity  and  FWL  Spectrum. 
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1-120,  Data/Thecry  Comparison  Case  10: 

AR  =  2,0  Coplanar  Coaxial  Jet,  VR  = 
0.4  (Continued);  (b)  SPL  Spectra  at 
9t  =  130°  and  150°. 
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Figure  4-120.  Data/Theory  Comparison  Case  10:  AR  = 
2.0  Coplanar  Coaxial  Jet,  VR  *  0.4; 
(Concluded);  (c)  OASPL  Directivity  and 
Power  Spectrum. 
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Figure  4-122.  Data/Theory  Comparison  Case  12:  AR  = 
2.0  Cbplanar  Coaxial  Jet,  VR  =  0.8, 
(Concluded) ;  (c)  OASPL  Directivity  and 
Power  Spectrum. 
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Figure  4-124.  Data/Theory  Comparison  Case  14:  AR  = 
2.0  Coplanar  Coaxial  Heated  Jet,  VR  = 
0.51  (Continued);  (b)  SPL  Spectra  at 
0 j  =  130°  and  150°. 
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Figure  4-126.  Data/Theory  Comparison  Case  16:  Inverted  Flow  Coplanar  Coannular  Jet 
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Figure  4-128.  Data/Theory  Comparison  Case  18:  Inverted  Flow  Coplanar 
Coannular  Jet,  AR  =  0.65,  VR  =  1.5;  (a)  SPL  Spectra  at 
=  90°  and  110°. 
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-128.  Data/Theory  Comparison  Case  18;  Inverted  Flow  Coplanar 
Coannular  Jet,  AR  =  0,65,  VR  =  1.5  (Continued);  (b)  SPL 
Spectra  at  9j  -  130°  and  150°. 
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Figure  4-129.  Dntn/Theory  Comparison  Case  19:  Inverted  Flow  Coplanar 

Coannul ar  Jet,  AR  -  0.65,  VR  =  2.0  (Concluded);  (c)  0ASPL 
Directivity  and  PWL  Spectrum. 
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Figure  4-131.  Data/Theorv  Comparison  Case  21:  Inverted  Flow  Coplanar 
Coannular  Jet,  AR  =  2.0,  VR  -  2.0  (Continued);  (b)  SPL 
Spectra  at  0j  =  140°  and  150°. 


In  order  to  understand  the  reasons  for  the  difficulties  encountered  in 
matching  the  data  at  angles  close  to  the  jet  axis,  detailed  diagnostic  studies 
and  computations  were  undertaken.  The  noise  contributed  by  each  "slice-of- 
jet"  to  the  total  noise  signature  was  determined  for  one  test  point,  and 
further  diagnostic  computations,  to  break  down  the  contributions  of  each 
radial  volume  element,  were  made  for  those  axial  slices  found  to  be  dominant. 

It  was  found  that  the  noise  at  angles  close  to  the  jet  axis  is  dominated  by 
radiation  from  a  small  region  around  the  fan  stream  potential  core  tip,  approx¬ 
imately  1  to  2  diameters  (based  on  fan  equivalent  area)  downstream  of  the 
nozzle  exit  plane.  The  low  frequency  spectral  peak  apparently  arises  from 
the  rapid  axial  diffusion  along  the  centerline  of  the  fan  stream  after  the 
potential  core.  The  high  frequency  peak  results  from  the  large  convective 
effects  produced  in  this  region  by  eddies  traveling  at  the  Mach  wave  condi¬ 
tion  relative  to  the  observer. 

In  order  to  achieve  the  correct  balance  between  convection,  shielding, 
and  source  strength  for  those  volume  elements  in  this  region,  it  is  necessary 
to  set  £t  =  0  for  those  axial  stations  upstream  of  x  =  10  Deq.  This  results 
in  too  low  a  level  for  the  high-frequency  end  of  the  spectrum,  and,  therefore, 
the  levels  of  u'  are  arbitrarily  raised  by  10%  to  offset  this  effect  whenever 
6t  =  0- 


The  above  interim  modification  is  a  somewhat  crude  way  of  deleting 
physically  unrealistic  noise  sources  from  the  model  output.  The  problem 
arises  with  those  eddy  volumes  which  have  rapid  axial  diffusion  (i.e.,  large 
tx)  but  no  significant  radial  shear  stress  (i.e.,  rr  ~  0).  Thus  u'  is  large 
according  to  equation  (318),  and  the  characteristic  time-delay  iD,  is  in¬ 
finite  according  to  equations  (319)  and  (320) .  Since  the  characteristic  fre¬ 
quency  is  proportional  to  the  reciprocal  of  tq  this  implies  that  the  eddy 
radiates  at  high  intensity  and  almost  zero  frequency.  Due  to  the  large 
doppler  factor  (Mach  wave  condition) ,  this  high  intensity  noise  is  shifted 
into  the  observed  frequency  range  at  even  higher  intensity. 

Several  alternative  techniques  for  improving  the  aft-angle  spectrum  pre¬ 
dictions  have  been  explored.  These  included  the  following: 

1.  Skipping  those  eddies  which  are  radiating  at  the  Mach  wave  condi¬ 
tion, 

2.  Smoothing  of  the  convection  factor  radial  distribution  in  the 
vicinity  of  the  eddies  at  the  Mach  wave  condition, 

3.  Adding  an  axial  gradient  component  to  the  dominant  frequency  (time 
constant)  calculation, 

4.  Modifying  the  doppler  factor  constant  at. 

All  of  these  (except  2)  have  some  beneficial  effect,  but  sometimes  produce 
undesirable  side  effects,  and  the  effects  of  one  modification  sometimes  de¬ 
pend  on  the  presence  or  absence  of  the  others.  The  technique  of  setting 
Bt  *  0  and  raising  u'  by  10%  for  x  <  10  Deq  works  better  than  any  of  these 


321 


alternative  methods,  is  simple  to  implement,  and  is  equally  effective  for 
any  of  the  combinations  of  AR  and  VR  examined.  The  modification  has  virtu¬ 
ally  no  effect  on  either  conventional  bypass  coaxial  jet  or  conical  nozzle 
jet  predictions,  and  lias  been  found  to  be  equally  effective  (and  necessary) 
for  multielement  nozzle  predictions.  A  more  sophisticated  analytical  method 
for  handling  this  problem  is  a  worthwhile  goal  of  future  model  development 
efforts. 

The  data  -  theory  comparisons  for  a  staggered  exit,  dual-flow  plug 
nozzle  (typical  ol  advanced  supersonic  transport  engine  systems)  are 
shown  in  Figures  4-112  and  4-133,  corresponding  to  cases  27  and  28,  respec¬ 
tively.  Again,  the  agreement  between  prediction  and  experiment  is  satis¬ 
factory,  demonstrating  the  capability  of  the  model  to  handle  dual-flow 
systems  with  inner  shrouds  and  centerbodies . 

The  remaining  cases  (24  -  39)  represent  multielement  suppressor  config¬ 
urations  of  various  shapes,  sizes,  and  degrees  of  complexity.  In  general, 
the  data  -  theory  comparisons  presented  in  Figures  4-134  through  4-141  for 
these  cases  show  reasonable  agreement,  with  only  a  f ew  isolated  discrepancies 
of  any  consequence. 

There  is  some  difficulty  with  the  model  in  predicting  the  correct 
spectrum  shape  at  angles  close  to  the  jet  axis  (  q  130°)  for  multielement 
configurations.  The  double-peak  characterist ic  shape  is  not  always  pre¬ 
dicted  in  the  correct  balance,  i.e.,  the  low  I requenev  peak  is  too  high  and 
the  high  frequency  peak  is  too  low  or  vi  e- versa.  I'his  difficulty  is  thought 
to  he  a  consequence  of  neglecting  base-pressure  etteets  in  the  aerodynamic 
calculation.  There  is  also  evidence  tint,  lor  multi  chute  nozzles,  a  vortex- 
shedding  tvpe  of  excess  noise  source  exists  which  contaminates  the  measured 
jet  noise  spectrum,  particularly  at  the  lower  jot  velocities.  The  aero- 
acoustic  prediction  model  does  not  .neeimt  for  these  excess  noise  sources, 
and  there i ore  under prod  iots  the  ohserveu  noise  levels  at  low  jet  "eloeities. 
Future  model  developments  slum  id  require  exrer.s  ions  to  include  both  base- 
pressure  eft eets  and  excess  noise  courses. 

4.7.9  diagnostic  is  a  lu.it  ion  ct  .let  Noise  Suppress  i  on  Mechanisms 

based  on  the  successes  ichioved  in  predict  ing  tne  aerodynamic  and 
acoustic  characterist  i  •  r  <>|  sine,!  ■-  mil  dual-:  low  nozz!<  :  discussed  in  Sec¬ 
tion  it  is  worthwhile  to  ut  ilize  the  theory  to  a.  alvze  the  noise  sup¬ 

pression  mechanisms  of  loiuuular  no/.',  les.  The  question  of  how  flow  inversion 
(ducting  the  high  velocity  hot  stream  to  the  outside)  can  provide  noise 
benefits  for  dual-l low  exhaust  systems  is  ol  particular  interest. 

iheord  ic.il  predict iens  were  made  tor  bo’h  a  conventional  bypass  and  an 
inverted-! low  eoanmiiar  nozzle  where  the  nozzles  were  sized  to  give  the  same 
thrust,  equal  primary  (high  velocity)  flow  areas,  and  the  same  secondary 
(low  velocity)  flow  arsis.  The  two  nozzles,  t  herd  ore,  have  equivalent  thrust, 
mass  1  lew,  pi  imnrv  an.l  secondary  stream  velocities,  end  temperatures;  the 
differences  in  noise  should  therefore  lie  solely  a  function  of  jot  plume 
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Figure  4-132.  Data/Theory  Comparison  Case  22:  Inverted-Flow  Coan- 
nular  Plug  Nozzle,  AR  =  0.65,  VR  =  1.5  (Continued); 
(c)  SPL  Spectra  at  9j  =  140°  and  150°. 
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Figure  •' 


-132.  Data/Theory  Comparison  Case  22:  Inverted-Flow  Caonnular 
Plug  Nozzle,  AR  =  0.65,  VR  =  1.5  (Concluded);  (d)  OASPL 
Directivity  and  Power  Spectrum. 


Data/Theory  Comparison  Case  23:  Invented 
Flow  Coannular  Plug  Nozzle,  AR  =  0.65, 

VR  =  2.0  (Continued);  (b)  SPL  Spectra  at 
A*  =  90° .  110°  and  130° . 
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Figure  4-133.  Data/Theory  Comparison  Case  23:  Inverted  Flow 

Coannular  Plug  Nozzle,  AR  =  0.65,  VR  =  2.0  (Continued); 
(c)  SFL  Spectra  at  0t  =  140°  and  150°. 
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Figure  <1— 133.  Data 'Theory  Comparison  Case  23:  Inverted  Flow 
Coannul ar  Plug  Nozzle,  AR  =  0.65,  VR  =  2.0 
(Concluded);  (a)  OASPL  Directivity  and  Power 
Spcct  rum. 
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jarison  Case  27:  32-Chute 
Nozzle  (Continued). 
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4-136.  Data/Theory  Comparison  Cases  28-36: 
36-Chutc  Nozzle  SPL  Spectra, 

(a)  at  9j  =  50°. 
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Data/Theory  Comparison  Cases  28-36: 
36-Chute  Nozzle  SPL  Spectra  (Continued) 
fbl  St  =  70° 
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Figure  4-136.  Data/Theory  Comparison  Cases  28-36: 

36-Chute  Nozzle  SPL  Spectra  (Continued) 
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Figure  4-136. 


Data/Theory  Comparison  Cases  28-36: 
36-Chute  Nozzle  SPL  Spectra  (Concluded) 
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Figure  1-138. 


Data/Theory  Comparison  Cases  28-36: 
36-Chute  Nozzle  PNL  Directivity. 
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Figure  4-139.  Data/Theory  Comparison  Case  37:  8-Lobe 
Daisy  Nozzle,  V.>  =  1377  fps  (Concluded) 
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(d)  SPL  Spectrum  at  0j  =  150° 


(e)  OASFL  Directivity 


Figure  4-140. 


Data/Theory  Comparison  Case  38:  8-Lobe 
Daisy  Nozzle,  Vj  =  1800  fps  (Concluded). 
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-141.  Data/Theory  Comparison  Case  39:  8-Lobe 
Daisy  Nozzle,  V.  =  2186  fps  (Concluded) 


profile  development  and  mixing.  Redefining  VR  =  Vs/Vp  and  AR  =  As/Ap ,  where 
subscripts  p  and  s  refer  to  primary  (high  velocity)  and  secondary  (low  veloc¬ 
ity)  streams,  respectively,  back-to-back  calculations  of  aerodynamic  and 
acoustic  characteristics  were  carried  out  for  AR  =  1.0  and  VR  =  0.7.  Figure 
4-142  shows  comparisons  of  mean  velocity  profiles  at  several  axial  stations. 
The  peak  velocity  axial  decays  are  shown  in  Figure  4-143.  Figures  4-142  and 
4-143  show  that  flow  inversion  produces  more  rapid  plume  decay.  Figure  4-144 
shows  comparisons  of  axial  turbulence  velocity  (a  key  ingredient  in  mixing 
noise  source  strength)  at  several  axial  stations  along  the  plume.  These 
comparisons  show  the  expected  lower  turbulence  levels  at  small  values  of 
x/Deq  for  the  conventional  bypass  jet,  and,  correspondingly,  the  higher 
levels  of  turbulence  at  large  x/Deq. 

The  corresponding  far-field  acoustic  spectrum  comparisons  are  shown  in 
Figure  4-145.  At  0j  =  90°,  the  inverted-flow  nozzle  exhibits  higher  noise  at 
high  frequencies  and  lower  noise  at  low  frequencies.  Since  the  high  fre¬ 
quency  noise  generally  comes  from  regions  close  to  the  nozzle  exit,  the 
higher  high-frequency  noise  correlates  with  the  higher  turbulence  levels  at 
small  values  of  x/Deq  shown  in  Figure  4-144.  Similarly,  low  frequency  noise 
is  primarily  from  the  fully  developed  regions  far  downstream,  and  the  lower 
low  frequency  noise  of  the  inverted-flow  nozzle  correlates  with  its  lower 
turbulence  levels  for  large  x/Deq  (Figure  4-144) . 

The  results  at  =  130°,  however,  show  the  inverted-flow  jet  noise  to 
be  lower  throughout  the  spectrum.  This  is  primarily  a  result  of  reduced  con¬ 
vective  amplification,  i.e.,  lower  eddy  convection  speeds.  The  eddy  convec¬ 
tion  speed  is  proportional  to  the  peak  mean  axial  velocity,  and  the  compari¬ 
son  of  peak  velocity  curves  shown  in  Figure  4-143  implies  that  the  inverted- 
flow  jet  exhibits  lower  convection  speeds  and  therefore  reduced  convective 
amplification.  Figure  4-146  shows  a  comparison  of  overall  sound  pressure 
level  (OASPL)  versus  for  the  two  jets.  The  shallower  slope  of  the  direc¬ 
tivity  curve  for  the  inverted-flow  jet  is  a  result  of  reduced  convective 
amplification. 

To  demonstrate  the  influence  of  flow  shielding  as  a  sound  emission  mech¬ 
anism,  the  back-to-back  calculations  were  repeated  with  the  shielding  effects 
suppressed.  These  results  are  shown  in  Figure  4-147,  along  with  the  previous 
results,  at  0^  =  150°.  Flow  shielding  is  observed  to  play  a  major  role  for 
both  nozzles.  The  results  shown  in  Figure'4-147  imply  that  the  flow  shielding 
is  less  for  the  inverted-flow  jet,  but  that  the  reduced  convective  amplifi¬ 
cation  more  than  compensates  for  this  loss. 

The  noise  suppression  mechanisms  for  multielement  nozzles  appear  to  be 
similar  to  those  deduced  for  inverted-flow,  coannular  nozzles.  More  exten¬ 
sive  diagnostic  analysis  of  noise  suppression  mechanisms  utilizing  the  aero- 
acoustic  model  for  several  classes  of  suppressor  nozzles  are  reported  in  the 
Task  3  final  report  of  the  present  program. 
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Figure  4-142,  Comparison  of  Inverted  Vs,  Conventional  Bypass  Flow  Mean  Velocity 
Profiles;  AR  =  1.0,  VR  =  0.7. 


Figure  4-143.  Comparison  of  Inverted  Vs.  Conventional  Bypass  Flow 
Mixing  on  Peak  Axial  Velocity  Decay  Rate;  AR  =  1,0, 
VR  =  0.7. 
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Figure 


4-145.  Effect  of  Inverted  Vs.  Conventional  Flow 
Mixing  on  Far  Field  Acoustic  Spectra; 

AR  =  1.0,  VR  =  0.7. 
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Effect  of  Fluid  Shielding  on  SPL  Spectrum 
at  dj  =  150°,  Conventional  Bypass  and 
Inverted  Flow;  AR  =  1.0,  VR  =  0.7. 
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Figure  4-147. 


358 


'  ■*  ; 


w 


A. 7. 10  In-flight  Jet  Noise 

Section  4.7.8  presents  extensive  data  -  theory  comparisons  for  a  wide 
variety  of  nozzle  operating  conditions  and  nozzle  geometries.  All  of  these 
comparisons  are  for  stationary  nozzles.  Although  the  primary  emphasis  in 
developing  the  unified  aeroacoustic  jet  noise  prediction  model  has  been  on 
static  jet  noise,  some  preliminary  assessments  of  the  model  capability  for 
in-flight  jet  noise  prediction  have  been  made. 

As  discussed  in  Section  4.4,  the  acoustic  propagation  aspects  of  the  in¬ 
flight  jet  noise  problem  can  be  analyzed  by  reviewing  the  jet  plume  in  a  ref¬ 
erence  frame  fixed  to  the  nozzle,  so  that  the  plume  is  subjected  to  an  external 
flow  (wind  tunnel  mode).  The  computation  of  the  acoustic  propagation  (convec¬ 
tion  and  shielding)  effects  is  performed  as  in  the  static  case,  with  all  Mach 
number  profiles  M(r)  and  Mc(r)  [as  computed  from  equation  (318)]  replaced  by 
M(r)  -  Ma  and  Mc(r)  -  Mg,  respectively.  The  turbulent  mixing  calculation  is 
also  unaltered  from  the  static  case,  but  the  momentum  profiles  have  a  non-zero 
external  boundary  (f ree-stream)  value.  The  momentum  and  enthalpy  spreading 
constants  Cm  and  are,  of  course,  reduced  when  Ma  >  0,  as  discussed  in  Sec¬ 
tion  4.5.4,  and  expressed  by  equation  (280).  The  shock  cell  broadband  noise 
calculation  is  the  same  as  the  static  procedure  except  for  the  addition  of  a 
dynamic  correction  factor  (1  -  Ma  cos  8j)-^  as  proposed  by  Drevite  et  al  (7f>) , 
and  given  by  equation  (313). 

It  is  recognized  that  the  nozzle  external  cowl  boundary  layer  profile  and 
turbulence  levels  may  have  an  important  influence  on  the  plume  mixing,  pro¬ 
cess  in  flight.  This  effect  is  accounted  for  only  insofar  as  the  modeled 
variation  of  Cm  with  VR  is  representative  of  realistic  aircraft  engine  instal¬ 
lation  conditions.  The  Cm  versus  VR  dependence  used  in  the  computations  de¬ 
scribed  herein  was  derived  from  coaxial  jet  centerline  decay  measurements, 
as  discussed  in  Section  4.5.4. 

Predictions  of  the  in-flight  jet  noise  of  a  convergent  conical  nozzle 
have  been  compared  with  the  Bertin  Aerotrain  simulated  flight  noise  results 
which  were  obtained  by  Clapper,  et  al. (72)  Task  4  Gf  this  program.  Fig¬ 
ure  4-148  shows  the  resulting  comparisons  between  predicted  and  measured 
in-flight  results,  in  terms  of  OASPL  versus  0j  directivity.  The  difference 
between  static  and  flight  levels,  (0ASPLstatic  -  OASPLf light)  is  shown  rather 
than  absolute  levels.  The  predicted  trends  agree  well  with  the  data  except 
for  the  lower  jet  velocities  at  angles  close  to  the  jet  axis.  In  particular, 
the  theory  correctly  predicts  the  observed  amplification  of  jet  noise  in  the 
forward  quadrant  (0r  <  90°)  due  to  flight. 

One  method  proposed  for  predicting  flight  effects  on  jet  noise  is  the 
velocity  exponent  method  of  Bushell^®'.  This  method  consists  of  predicting 
the  flight  effect  from  the  following  expression: 


OASPL  _  -  OASPL.. .  ,  _ 

static  flight 


10  log10 


rel) 


(l  -  M  cos0T  ) 
v  a  1  ' 


(321) 
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where  Vrei  =  Vj  -  VQ  and  m  is  an  empirically  derived  exponent  which  is  speci¬ 
fied  as  a  function  of  0j.  Alternatively,  from  measured  static  and  flight 
noise  levels,  equation  (321)  can  be  inverted  to  solve  for  the  flight  velocity 
exponent  m.  This  has  been  done  for  both  the  measured  and  predicted  flight 
and  static  results,  and  a  comparison  of  the  measured  and  predicted  flight 
exponents  is  shown  in  Figure  4-149.  The  theory  again  predicts  the  effect  of 
01  (and  Vj)  on  the  flight  exponent  m  quite  well  except  for  angles  close  to  the 
jet  axis.  Note  that  the  exponent  is  (and  is  predicted  to  be)  a  function  of 

VJ- 


Some  example  data  -  theory  comparisons  of  SPL  spectra  are  shown  in  Fig¬ 
ure  4-150.  The  theory  predicts  the  observed  changes  in  spectrum  shape  due  to 
flight  quite  well. 

Although  the  flight  effect  aspects  of  the  aeroacoustic  model  are  not 
completely  resolved,  the  results  obtained  thus  far  are  encouraging,  and  suggest 
that  no  new,  "mysterious"  mechanisms  are  controlling  the  observed  jet  noise 
in  flight.  Further  refinement  of  the  model  to  correct  the  deficiencies  at 
angles  close  to  the  jet  axis  for  low  jet  velocities  is  required. 

4.7.11  Concluding  Remarks 

Preliminary  comparisons  of  predictions  with  experiment  have  shown  that 
the  present  theoretical  model  is  capable  of  predicting  many  of  the  observed 
aerodynamic  and  acoustic  characteristics  of  single  and  dual  flow  nozzles. 

The  inherently  lower  noise  of  a  convetional  bypass  coaxial  jet  relative  to 
a  conical  nozzle  is  a  result  of  lower  turbulence  intensity.  The  lower  noise 
levels  of  an  inverted  flow  coannular  nozzle,  however,  are  a  result  of  the 
competing  influences  of  mixing  noise,  convective  amplification  and  acoustic 
shielding  alterations.  These  competing  influences  are  in  a  delicate  balance, 
and  the  type  of  calculation  indicated  herein,  summing  up  all  the  contribu¬ 
tions  to  determine  the  net  effect  in  the  far  field,  is  required  to  properly 
predict  the  noise  characteristics  of  complex  nozzles. 

The  aero-acoustic  jet  noise  prediction  model  in  its  present  form  is 
based  on  the  following  noise  source  generation/propagation  mechanisms: 

1.  Turbulent  mixing  -  major  source  of  noise  in  turbulent  jets; 

2.  Convective  amplification  -  enhancement  of  noise  generated  by  the 
turbulent  eddies  due  to  their  motion  (convection  in  the  jet  plume) 
relative  to  the  observer; 

3.  Fluid  shielding  -  shrouding  or  trapping  of  the  sound  waves  generated 
in  the  plume  by  the  jet  plume  itself. 

Several  modifications  to  the  model  were  made  during  the  course  of  development; 
these  were  modifications  all  in  the  modeling  of  the  jet  plume  turbulent 
structure;  e.g.,  prediction  of  turbulent  eddy  convection  speeds,  turbulent 
correlation  decay  times,  etc.  This  portion  of  the  modeling  was  the  most 
difficult  to  carry  out  because  of  the  scarcity  of  relevant  experimental  data; 
many  simplifying  assumptions  concerning  the  nature  of  the  turbulent  struc¬ 
ture  were  made  because  no  better  information  is  available. 
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Relative  Velocity  Flight  Exponent 


Figure  4-149.  Comparison  of  Predicted  and  Measured  Flight  Velocity 
Exponent  m  for  J85/AeroTrain  Conical  Nozzle. 
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Nevertheless,  the  prediction  method  adequately  duplicates  the  primary 
aero-acoustic  characteristics  of  a  wide  variety  of  jet  types  and  conditions 
with  the  idealized  model  that  has  been  constructed,  and  a  few  empirical 
adjustments  made  to  compensate  for  these  idealizations. 

In  summary,  from  the  successful  results  achieved  to  date,  a  useful  (and 
powerful)  prediction  tool  has  been  established  for  assessing  the  acoustic 
characteristics  of  various  exhaust  nozzle  types.  This  tool  can  provide  use¬ 
ful  diagnostic  and  design  optimization  information  and  assist  in  the  selec¬ 
tion  of  low  noise  nozzles  for  future  AST  system  applications. 

Several  areas  of  improvement  in  the  model  have  been  identified,  in¬ 
cluding:  (1)  better  definition  of  the  turbulent  structure  parameters  rele¬ 

vant  to  jet  noise,  (2)  the  addition  of  the  dipole  and  monopole  density 
gradient  source  terms  to  improve  low  velocity  heated  jet  predictions,  (3) 
further  development  of  the  shock-cell  noise  prediction  for  multielement  noz¬ 
zles,  (4)  extension  of  the  aerodynamic  model  to  include  base-pressure  effects, 
(5)  inclusion  of  a  chute  shedding  excess  noise  prediction  component  in  the 
model,  and,  (6)  further  verification  of  and  Improvements  in  the  prediction  of 
in-flight  jet  noise. 


4.8  PHYSICAL  SHIELDING 


This  section  discusses  physical  shielding  by  semi-infinite  pipes.  The 
case  of  semi- infinite  barriers  is  discussed  extensively  in  the  literature, 
e.g.,  Bowman,  et  al.(91)  and  Butler(92) t  and  hence  is  only  summarized  herein. 
Model  problems  relevant  to  the  area  of  physical  shielding  by  semi-infinite 
pipes,  are  posed  and  solved.  In  both  cases,  a  simple  approximate  method  of 
dealing  with  "absorbent"  walls  based  on  suggestions  of  Butler  is  also  devel¬ 
oped. 


These  calculations  can  be  used  to  predict  the  alteration  of  sound  fields 
due  to  the  presence  of  ejector  type  enclosures  or  plane  barriers  if  the  dis¬ 
tribution  of  the  sources  producing  the  sound  field  is  known.  Thus,  as  far 
as  ejector  aeroacoustics  is  concerned,  the  utility  of  the  calculations  re¬ 
ported  in  Section  4.8.2  is  limited  to  qualitative  insights  because  the  aero¬ 
dynamic  jet  analysis  discussed  in  Section  4.5  has  not  been  extended  to  en¬ 
compass  the  effect  of  ejector  shrouds  for  reasons  discussed  in  Section  8.4. 
However,  the  results  of  Section  4.8.1  can  be  used  whenever  it  is  feasible  to 
assume  that  the  sound  source  distribution  in  the  jet  plume  is  not  altered  by 
the  introduction  of  a  plane  barrier.  An  example  of  such  an  application  to 
assess  the  effects  of  physical  shielding  will  be  given  in  Section  7.2. 


4.8.1  Shielding  of  Sound  by  a  Semi- Inf inite  Barrier 

Figure  4-151  illustrates  a  sound  source  located  in  the  vicinity  of  a 
semi- inf inite  plane  barrier.  The  coordinates  of  the  source  location  are 
(r0.  <f>0) »  and  the  coordinates  of  the  observer  are  given  by  (r,  <t> ,  z0) .  The 
source  emits  at  frequency  u.  This  problem  is  discussed  in  detail  by  Butler(92) 
The  resulting  solution  shows  that,  for  r  >>  r0  and  krD  »  1,  there  is  negli¬ 
gible  attenuation  of  the  sound  for  $  <  w  +  <Ji0,  corresponding  to  the  case 
where  the  observer  has  a  direct  "line  of  sight"  to  the  source.  The  parameter 
k  is  given  by  w/c,  where  c  is  the  ambient  speed  of  sound.  For  <f>  m  n  +  $Q, 
the  exact  solution  gives  6  dB  attenuation.  For  <j>  >  it  +  4>0  (i.e.,  for  the 
observer  being  in  the  shadow  region  of  the  source) ,  Butler  recommends  an 
expression  due  to  Bowman,  et  al.C^^Q  for  e  attenuation.  For  a  hard  wall 
barrier  with  Ri  =  /(r  +  r0)z  +  zz,  the  attenuation,  in  dB  is  20  logio  |  (UkR)  | 
where 

[sec  [1/2(<J>  -  #0)J  +  sec  [l/2($  +  <f>Q)I] 

U  «  —  : -  - Y77 - TT72 -  (322) 

2/2irkR!  (kr)i/z  (kr0)1/i: 


If  also,  z0  «  r,  the  attenuation  expression  simplifies  to: 


20  log 


10 


sec[l/2(i)>  -  4>  )]  +  sec  [l/2(<f>  +  6  )] 
_ o  _ o 

2/2wkr0 


(323) 
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Figure  4-151.  Sound  Source  Located  in 

Vicinity  of  Semi-Infinite 
Plane  Barrier. 


For  an  "absorbent"  wall,  Butler  suggests  taking  the  arithmetic  average  of  the 
solutions  for  a  hard  wall  and  a  soft  wall  (with  boundary  conditions  3  p/3  n  * 
0  and  p  =  0,  respectively).  The  rationale  here  is  that  the  solution  of 
equation  (322)  can  be  identified  as  having  two  parts:  one  representing  the 
contribution  from  the  direct  source  and  the  other  representing  an  image 
source  (see  Figure  4-151).  The  effect  of  an  "absorbent"  surface  is  to 
eliminate  the  image  source.  The  expressions  corresponding  to  (322)  and 
(323)  become: 
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(324) 


sec  [  1  / 2  (<J>  -  4>  )  ] 
o 

2/2^1  (kr)1/2  (kr0) 


and 


20  log 
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sec  [ l/2(4>  -  <(>o)  ] 
2/2irkr0 


(325) 


Some  interesting  conclusions  can  be  drawn  from  equations  (323)  and  (325) 
regarding  the  dependence  of  the  attenuation  on:  (1)  frequency,  (2)  angular 
penetration  into  the  shadow  zone,  and  (3)  distance  of  source  from  the  edge 
of  the  plate.  The  dependence  of  attenuation  is  basically  -10  log^o  (f)  where 
f  is  the  frequency.  Thus,  for  example,  by  doubling  the  frequency  the  atten¬ 
uation  is  expected  to  be  enhanced  by  about  3  dB.  The  angular  penetration 
into  the  shadow  zone  can  be  defined  as  0  =  (4>  -  <f>o  "  if)  •  The  variation  of 
the  attenuation  with  0  for  (kr0)  =  190  and  <}>0  =  90°  is  shown  in  Figure  4-152. 
The  cases,  of  both  a  rigid  wall  and  an  "absorbent"  wall  are  shown.  It  should 
be  noted  that  Butler's  scheme  of  treating  "absorbent"  walls  intrinsically 
limits  the  effectiveness  of  a  treated  wall  over  a  hard  wall  to  6  dB.  Finally, 
the  dependence  of  the  attenuation  on  r0  is  -10  log  (rQ) .  This  dependence 
should  be  used  with  caution,  however,  because  if  r0  is  changed  either  by 
altering  the  length  of  the  plate  or  by  moving  the  source,  etc.,  the  result 
may  be  to  alter  $0  also. 


4.8.2  Effect  of  Semi-Infinite  Pipes  on  the  Sound  Field  of  Sources 
in  Ducts 


The  solution  discussed  in  Section  4.8.1  is  relevant  to  situations  where 
the  intent  is  to  shield  jet  noise  sources  from  the  ground  by  wing  shields. 

If,  on  the  other  hand,  ejector  shrouds  (treated  or  untreated)  are  employed, 
a  more  relevant  model  problem  is  one  in  which  the  effects  of  confinement  by 
a  semi-infinite  pipe  on  the  power,  directivity,  etc.,  of  acoustic  sources 
are  examined. 

A  model  problem  incorporating  the  above  features,  and  yet  retaining  the 
ability  to  obtain  an  explicit  solution,  is  illustrated  in  Figure  4-153. 

The  two-dimensional  problem  of  a  semi-infinite  parallel  plate  waveguide 
irradiated  by  a  line  singularity  is  considered  in  Figure  4-153.  Six  singu¬ 
larity  types  are  considered:  a  simple  source,  x-dipole,  y-dipole,  xx  quadru- 
pole,  xy  quadrupole,  and  yy  quadrupole,  of  harmonic  time  dependence  exp 
(-jut).  The  waveguide  is  of  width  2b  and  is  embedded  with  the  singularity 
to  an  extent  x0  within  the  duct  on  the  duct  centerline.  Flow  effects  are  not 
considered,  and  two  types  of  wall  boundary  conditions  (hard  wall  and  pressure 
release)  are  considered.  The  approximate  result  for  an  "absorbent"  wall  is 
obtained  by  arithmetically  averaging  these  two  solutions  as  in  Section  4.8.1. 
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Both  the  directivity  and  the  power  of  the  sound  field  relative  to  the  case 
where  there  is  no  semi-infinite  pipe  are  desired  (i.e.,  the  case  of  free 
singularity).  The  relevant  nondimens ional  parameters  are  (kb),  (xQ/b) , 
singularity  type,  and  wall  boundary  condition  (i.e.,  "absorbent"  or  rigid 
wall).  The  solution  technique  employed  is  the  Wiener-Hopf  method  (see 
Noble (93>. 


Singularity,  e 


-  jiut 


Figure  4-153.  Two-Dimensional  Semi- Inf inite  Parallel  Plate 
Wave  Guide  Model. 


The  problem  statement  for  a  simple  source  with  hard-wall  boundary  con¬ 
ditions  is  as  follows.  A  velocity  potential,  4>  (x,  y)  is  sought  such  that 
<j>  satisfies: 

V2<j>  +  k2<(>  *  6(x  +  xQ)  <5  (y)  (326) 

subject  to  the  boundary  condition  that  3<J>/9y  =  0  on  y  *  ±b  for  x  <  0,  and  that 
♦  is  continuous  for  y  -  ±b  and  x  >  0.  Introducing  axial  Fourier  transforms 
$  (a,  y)  defined  by 

00 

♦  (a,  y)  =  f  £  (x,  y)  e^aX  dx  (327) 

/2tt  J  $ 


and 

$  (x,  y)  -  ~~ 
/2ir 


/ 


♦  (a,  y)  e  ^aX  da 


(328) 
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It  is  found  that  $  satisfies  the  equation 


-  y2$  =  —  e"jaxo  {  (y)  (329) 

dy  <^2tt 

where  y^  =  (a2  -  k2). 

A  particular  solution  for  $  is 


-e  ~Ylyl  e~j<XX° 
2  *^2tt  y 


Since  y  has  branch  points  at  a  =  ±k,  branch  cuts  can  be  defined  as  in  Figure 
4-154  such  that  y  tends  to  ±  |a|  as  a  ->  ±  00  along  the  real  axis. 


2  2  l'2 

Figure  4-154.  Branch  Cuts  for  y  =  (a  -  k  ) 


Adopting  the  usual  convention  of  considering  the  lossless  acoustic  problem 
as  the  limit  of  a  system  with  damping,  k  is  assigned  a  small  positive  imag¬ 
inary  part  which  is  ultimately  set  equal  to  zero.  The  inversion  path  in 
equation  (328)  has  to  pass  below  the  branch  point  at  k  and  above  that  at  -k. 
The  solution  has  the  form: 


~y\y\  "3“xo 

$  (a,  y)  =  B(a)  cosh  (y  y)  -  -  (330) 

2/2tt  y 
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for  0  <_  y  <  b,  and  the  form 

<J>  (a,  y)  =  A(a)  e  Yy  for  y  >  b  (331) 

From  the  symmetry  of  the  problem,  it  suffices  to  consider  y  ^  0.  From  the 
continuity  of  d  4>/dy  for  all  x  across  y  =  b,  it  is  deduced  that 

B(a)  sin  h  (yb)  +  A(a)  e  yb  -  0  (a,b)  =  0  (332) 

inc 


noting  that  $  '  (a,  b)  =  -y  $ .  (a, 

inc  me 


t^1  =  0  for  y  =  b .  and  x  <  0,  it 

3y  + 


yA(a)  e“Yb  =  F+(a) 


b) .  From  the  boundary  condition  that 

is  deduced  that 


(333) 


where  F+(a)  is  analytic  in  an  upper  half  plane.  Similarly,  by  continuity  of 
4>  at  y  =  b  for  x  >  0,  and  using  the  above  solution  for  B(a)  in  terms  A(a) 
and  ^inc  (“»  b)  [equation  (332)],  the  following  expression  is  obtained: 

«■>  *~Yb  {»  +  fffH®}-  *1*  t  «.» 

where  G_(a)  is  analytic  in  a  lower  half  plane. 

Using  equation  (333)  in  (334)  one  obtains 


F+(a)  (yb) 


(a  +  k)  e  Yb  sinh  (yb) 


(a  -  k)  ♦.  be 
_ me 

sinh  (yb) 


yb 


=  (a  -  k)  G  (a)b 


(335) 


Defining  — - y— ^ “ -  as  L(a),  the  Wiener  Hopf  procedure  says  that  if 

yb 

L(a)  can  be  decomposed  as  L+(a)  L_(a)  (product  decomposition)  where  L+(a)  are 
analytic  in  an  upper/lower  half  plane,  and  if  further  denoting 


(a  -  k)  (a,  b)  beYb  L_(a) 
_ inc _ 

sinh  (yb) 


(336) 
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by  S (a) ,  S (a)  can  be  decomposed  into  [S+(a)  +  S-(a)],  where  Si(a)  are  analytic  in 
an  upper/lower  half  plane  (additive  decomposition),  then 

F+(a)  =  (a  +  k)  L+(a)  S+(a) 

and 

(a  +  k)  L  (a)  S  (a)  eYb 

A(a)  =  - - -  (337) 


Now 

-jax 

-e  0  (yb)  L  (a) 

S  (a)  =  - ~ -  (338) 

2  /2it  sinh  (yb)  (a  +  k) 


where 


-yb 

-e  e 


inc 
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By  a  well  known  decomposition  theorem  [see  Noble 


(93) 


p.  13], 


S+(a) 


/ 


—OO 


S(t)  dr, 

U  -«) 


(339) 


where  Im(t)  ^  Im(a).  Since  S(t)  has  a  term  varying  as  exp  (-j£x0)  with 
xG  >  0,  the  contour  integral  in  equation  (339)  needs  to  be  closed  by  a 
lower  half  plane  semicircle,  yielding  for  S+(a) 


-ejkx°  L  (-k) 

S,  (a)  =  —= - 

2/2tt  (a  +  k) 


£ 


r=l 


<-)'+1  eJ,lokr  L  <-k  )  (1  +  f ) 
- r — - (340) 


2/Z¥  (a  +  kr) 
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where  kr  =  |  -  (— )  ^  |  for  kb  >  m  and  kr  =  j  |  (^)  ^  -  k?J 
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for  kb  <  rir 


_/ 
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The  product  decomposition  of  L(a)  is  discussed  on  page  104  of  Noble.  Since, 
for  large  r,  kr  -*■  (j  rir/b) ,  the  above  series  for  S+(a)  will  converge  expo¬ 
nentially.  However,  the  convergence  will  be  slower  the  smaller  the  value  of 
xQ.  Note  tliat  the  above  method  does  not  apply  at  all  for  x0  <  0,  i.e.,  for 
singularities  not  embedded  within  the  duct. 

Thus  A(a)  is  completely  determined.  Now  41  (x,  y)  for  y  >  b  is: 


’(x,  y)  = 


.  .  .  -iax  ,  -yy 
A(a)  e  J  da 


Noble'  '  shows  that  with  x  =  r  cos  0,  y  =  r  sin  0,  as  r  -+  00  (far  field), 

,  ,  .1/2  .ir/4  _,/7 

<p(x,  y)->  — — — — —  e  sin  (0)  A  (-k  cos  0)r  exp  (jkr)  (342) 

/2w 


Consider  now  the  case  where  the  walls  are  of  the  pressure-release 
type,  i.e.,  ^  =  0  on  y  =  ±  b  for  x  <  0.  The  formal  steps  involved  in 
equations  (326)  to  (331)  still  apply.  Now  however,  it  is  4>  that  is  con¬ 
tinuous  across  y  =  b  for  all  x.  Hence: 


-yb  -jaxQ 

A  (a)  e_Y  =  B(a)  cos  h  (yb)  -  - - - - 

2/2tt  y 


(343) 


Also,  because  <j>  =  0  for  y  -*•  b+  and  x  <  0,  it  is  found  that 


A(a)  e  Yb  =  F+(a) 


(344) 


Note  that  F, (a)  and  G_(a)  merely  denote  analytic  functions  in  the  upper  and 
lower  half  planes,  and  it  is  not  intended  that  the  F+(a)  appearing  in  equation 
(344)  is  the  same  as  that  appearing  in  (333). 

Finally,  because  3 4> / 3y  is  continuous  for  y  =  b  and  x  >  0, 


yA(a)  e  yb  +  yB(a)  sin  h  (yb)  +  e  yb  e  0  -  G_(a) 


(345) 


Eliminating  B(a)  with  the  aid  of  equation  (343)  and  using  (344)  one  obtains: 

F+  («)  y  e-jaxo 

— h -  +  ~7= -  =  Gja)  (346) 

e  cosh  (yb)  2/27T  cosh  (yb) 

Let  K(a)  =  e“Yb  cosh  (yb) ,  and  again  let  K(a)  be  factorable  as  K+fa)  K_(a ) 
where  Kf(a)  and  K_(a)  are  analytic  in  upper  and  lower  half  planes.  This 
factorization  is  discussed  in  detail  on  pages  102  -  104  of  Noble(93).  Since 
y  can  be  written  as  >/(a  -  k)  (a  +  k) ,  i.e.,  as  a  product  of  two  factors,  one 
analytic  in  an  upper  half  plane  and  the  other  in  a  lower  half  plane,  S(a)  can 
be  decomposed  as  follows: 


K  (a)  e_jaX° 

S(a)  =  - - - - 

2^2n  cosh  (yb)  /(a  -  k) 

=  S+(a)  +  S_(a) 


It  can  be  shown  that: 


A (a)  =  eYb  F+(a) 


-K+(a)  S+(a)  eYb 
/(a  +  k) 


(347) 


(348) 


As  in  the  case  of  the  rigid  wall  problem,  the  additive  decomposition  theorem 
of  Noble  can  be  applied  to  yield  the  following  result  for  S+(a), 


V'  K_  ( 
s+(a)  =  ~ 


,  ,  jXokr+l/2  .  ..  ...  .  . r+1 

"kr+l/2)  6  (r+1/2)  tt(-) 


r=0  (a  +  kr+l/2)  2l/^  b  kr+l/2  (-kr+l/2  "  k) 


where 


1/2 


r+1/2 


=  |k2  -  [(r+1/2)  ir/b]2  |  if  kb  >  (r+1/2)  tt 


and 


kr+l/2  =  j  | [ (r+1/2)  n/b]2  -  k2  | 


1/2 


if  kb  <  (r+1/2)  ir 


(349) 
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As  in  equations  (341)  and  (342),  <p(x,  y)  can  then  be  evaluated  asymptotically 
for  large  r. 

Complex  as  the  above  two  solutions  may  seem,  their  physical  interpreta¬ 
tion  is  not.  In  both  cases,  the  source  first  excites  duct  waveguide  modes  as 
if  the  duct  were  doubly- infinite,  and  then  the  waves  produced  to  the  right  of 
the  source  radiate  to  the  right  of  the  source  according  to  the  "transfer 
function"  linking  far-field  radiation  to  a  given  incident  duct  waveguide  mode 
(as  discussed  e.g.,  inNoble(93)s  pages  105-110). 

The  above  solutions  can  be  immediately  differentiated  with  respect  to 
xQ  once  to  obtain  the  solutions  for  an  x-dipole  and  twice  to  obtain  the 
solutions  for  an  xx  quadrupole.  This  is  because,  for  any  function  f(x  +  x0) , 
32/3x2  [f(x  +  x0) ]  =  32/3x^  [f(x  +  xQ) ] ,  and,  hence,  the  solution  for  higher 
order  axial  singularities  may  be  obtained  by  differentiating  the  solutions  for 
the  simple  source  with  respect  to  axial  source  position.  The  resulting  effect 
is  to  simply  multiply  each  term  in  the  series  of  equation  (340)  by  (Jk-)n  and 
that  of  (349)  by  (Jkr+l/2^n  where  n  is  the  relevant  number  of  differentiations. 
Because  of  the  exponential  terms  exp  (j  x0  kr)  or  exp  ( j  x0  ky+j/2^ ►  there  ia 
no  problem  with  the  convergence  of  either  series,  though  the  convergence  does 
get  poorer  as  xQ  becomes  small. 

Consider  now  the  case  of  a  transverse  singularity;  i.e.,  with  the  source 
term  6(x  +  x0)  6'(y)  in  equation  (326)  rather  than  S(x  +  xQ)  6(y).  Since 
the  source  term  is  antisymmetric  in  y,  all  the  solutions  will  c.iso  be  anti¬ 
symmetric.  Since  the  basic  procedure  is  similar  to  the  previously-discussed 
problems,  only  the  broad  outlines  will  be  indicated,  ♦in,-  is  now 

e~T I y I  e"3axo/2/Zn  },  obtained  by  differentiating  the  previous  expression 
for  4'inc  with  respect  to  y.  A  solution  of  type  {B  sinh  (yy)  +  ♦incl  is 
assumed  for  4>  for  -b  <  y  <  b,  and  one  of  type  ±A(a)  e“f|y'  is  assumed  for 
y  >  b  and  y  <  -b.  For  the  case  of  rigid  walls,  continuity  of  d4»/dy  for  y  •  b  and 
all  x  yields  one  relation  between  B(a),  $inc  an<*  A(o).  Since  3$/3y  ■  0 
for  y  =  b  and  x  <  0,  yA(a)  e-Tb  is  again  analytic  in  an  upper  half  plane. 

Finally,  continuity  of  $(x,  y)  for  y  »  b  and  x  >  0  again  yields  a  VJiener-Hopf 
equation  whose  solution  is 


C350) 


.V 
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The  analogous  result  for  the  y-dipole  in  a  pressure  release  duct  is: 


A(a)  =  e^b  L+(a)  S+(a) 


where 


S+(a) 


r=l 


ix  k 

L_(-kr)  e  °  r  (-) 


r+1 


2  2 
(k  -  kZ) 
r 


k  2/2H  (a  +  k  ) 
r  r 


(352) 


(353) 


Solutions  (350)  and  (352)  can  be  differentiated  with  respect  to  xD  (effec¬ 
tively  a  multiplication  of  series  (351)  by  (jkr+^  ,^)  and  of  series  (353) 
by  (jkr)  to  derive  the  solutions  for  an  xy  quadrupole. 

Finally,  consider  the  case  of  a  yy  quadrupole  in  the  semi- inf inite 
waveguide.  4>inc  is  now 


<5(y) 


-jax 


/2rr 


y I y ]  -j°«0 

fe _ e _ 

2/2^ 


and  is  symmetric  in  y.  Now  (for  rigid  walls), 

„Yb 


A(«)  = 


(a  +  k)  L+(a)  S+(a)  e' 


where 


S+(a)  = 


s 


r=l 


r+1  jx  k 

(-)  L_(-kr)  e  0  r  (k  +  k.r  [1  -  (k/kr)] 


2/2tt  (a  +  kr) 


(354) 


For  pressure  release  walls , 


-K  (a)  S  (a)  eyb 

A(o)  =  - 

/a  +  k 


(355) 
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with 


S+(ot)  *  23  (">r  ^  (r+1/2)  K-  (_kr+l/2)  *  ° 


r-0 


(-kr+l/2-k)1/2  ^  -  V^V[(a  +  kr+l/2)  ^  ^ 


(356) 


This  completes  the  formal  derivation  of  the  solutions  for  the  various 
singularities  embedded  in  the  semi-infinite  duct. 

The  solutions  for  the  "free"  singularities  can  be  obtained  by  using 
equations  (341)  and  (342)  with  4>inc  being  substituted  for  A(a) .  For  con¬ 
venience,  these  "free"  singularity  far-field  directivities  are  tabulated 
below. 


Singularity  Type 

Far-Field 
Directivity  of  q> 

Line  Source 

-j/k 

Line  Axial  Dipole 

cos  0 

Line  y  Dipole 

sin  0 

Line  xx  Quadrupole 

jk  cos^  e 

Line  xy  Quadrupole 

2jk  sin  0  cos  0 

Line  yy  Quadrupole 

jk  sin  2  0 

The  result  for  the  xy  quadrupole  in  the  above  tabulation  was  multiplied  by  2 
to  render  its  peak  value  (at  9  ■  45°)  as  jk. 

The  above  results  were  programmed  for  computation  as  follows.  The  direc¬ 
tivity  of  the  embedded  singularity  is  calculated  every  5°  from  0  »  0°  to 
6  -  180°.  It  is  compared  to  that  of  the  "free"  singularity  over  these  same 
angles.  Comparisons  are  made  for  the  six  singularity  types  for  both  hard  wall 
ducts  and  for  "absorbent"  ducts  (taking  the  arithmetic  average  of  the  solutions 
for  a  hard  wall  and  pressure  release  waveguide) .  Detailed  calculations  were 
carried  out  for  kb  «  0.2,  0.5,  1,  2,  3,  6,  10,  and  20,  and  for  x/b  ■  0.25, 

0.5,  1,  2,  and  5.  By  integrating  the  expressions  for  the  mean  square  pressure 
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from  0  =  0°  to  0  =  180°,  total  power  changes  were  also  inferred.  To  provide 
another  reference  limit  (other  than  the  "free"  singularity  limit)  theory  and 
calculations  were  also  developed  to  compute  the  power  changes  if  the  singu¬ 
larities  were  embedded  in  doubly  infinite  pipes  (both  pressure  release  and 
rigid  wall  pipes  were  considered).  This  theory  is  much  more  straightforward 
than  that  for  semi- infinite  pipes  and  is  briefly  indicated  below. 


Consider  a  simple  source  in  a  doubly  infinite  rigid  walled  duct  (Fig¬ 
ure  4-155). 


Figure  4-155.  Simple  Source  in  a  Doubly  Infinite 
Rigid  Walled  Duct. 

The  mathematical  problem  is  to  solve  for 

V2<(>  +  k24>  =  6  (x)  6  (y)  (357) 


subject  to  3cf>/9y  =  0  on  y  =  ±b  and  outgoing  waves  as  x  -*•  t00. 

Noting  that  the  excitation  is  symmetric  in  y,  the  solution  for  x  >  0 
can  be  written  as 


jkrx 

e _ cos  (riry/b) 

2  jk  b 
J  r 


(358) 


Again,  differentiating  these  solutions  with  respect  to  x  once  will  yield  the 
solutions  for  the  x-dipole  and  differentiating  twice  will  yield  the  solutions 
for  the  xx  quadrupole.  For  power  calculations,  only  r  values  such  that 
kb  >  rir  are  of  interest.  The  power  transmitted  down  the  pipe  to  each  side 
will  be 


- - 
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(~k)  dy  = 


2b 


2  2 
16k  b* 


l/(4bkkr) 


(359) 


where  R  is  the  largest  integer  for  which  kb  >  rir.  Since  the  solution  to 
[ v2(j>  +  1^2^  „  5(x)  6  (y )  ]  in  free  space  can  be  shown  to  have  a  power  on  this 
basis  of  (l/4k),  the  ratio  of  powers  (i.e. ,  that  of  the  power  of  the  embedded 
singularity  to  that  of  the  free  singularity)  can  be  shown  to  be 


1 

2kb 


(360) 


Differentiating  (358)  twice  with  respect  to  y  yields  the  solution  for  a 
yy  quadrupole.  Power  ratios  can  again  be  derived  analogously. 

The  solution  for  the  y  dipole  in  a  rigid-wall  duct  can  be  derived  by  using 
the  expansion  formula 


«'(y) - 1 


(r  +  1/2)  sin  [  (r  +  1/2) 


(361) 


Based  on  this,  one  can*  show  that  the  solution  to  +  k^<f>  =  6'(y)  6(x), 

subject  to  3$/3y  =  0  on  y  =  ±b,  and  p  antisymmetric  in  y,  is 


2b 


z 


jkr+l/2x 


(k 


r+1/2 


sin  [  (r+1/2)  ^ 


(362) 


A  power  ratio  can  be  derived  from  equation  (362)  by  computing 
b  k_ 


/  U2I  <~^>  «y 


-b 


and  dividing  by  (k/8)  which  is  the  power  of  a  "free"  dipole  on  this  basis. 
The  result  is 
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- * 


(r+1/2) ' 


<bkr+l/2> 


(363) 


The  solution  of  equation  (362)  can  be  differentiated  with  respect  to  x  to 
yield  the  result  for  an  xy  quadrupole  in  a  rigid  duct. 

Consider  now  the  simple  source  in  a  pressure  release  duct.  The  expansion 
formula, 


fi(y )  -  $ 


cos  [ (r+1/2)  , 


is  relevant,  and  the  solution  for  <{>  is: 


tr+1/2X  cos  [(r+1/2)  iry/b] 


r+1/2 


Differentiating  (364)  with  respect  to  x  once  and  twice  gives  the  solution 
for  an  x  dipole  and  an  xx  quadrupole,  respectively,  in  a  pressure-release 
duct.  Interestingly  enough,  the  solution  of  equation  (349)  when  differen¬ 
tiated  with  respect  to  y  will  yield  the  solution  for  a  y  dipole  in  a  pres¬ 
sure  release  duct.  Differentiating  this  latter  solution  with  respect  to 
x  will,  .in  turn,  yield  the  solution  for  an  xy  quadrupole  in  a  pressure 
release  duct.  Finally,  solution  of  (362)  differentiated  once  with  respect 
to  y  will  yield  the  solution  for  a  yy  quadrupole  in  a  pressure  release  duct. 

The  important  results  of  the  analytical  parametric  study  carried  out  in 
this  section  shall  be  discussed,  under  the  headings  of:  (1)  effect  of  fre¬ 
quency  (kb  variation  holding  other  parameters  fixed),  (2)  effect  of  (xD/b) 
or  the  depth  of  embedding,  (3)  effect  of  singularity  type,  (4)  effects  on 
directivity,  (5)  effects  of  "absorbent"  walls,  and  (6)  implications  for 
ejector  acoustics.  Discussions  of  (1),  (2),  and  (3)  will  be  for  the  power 
changes  (from  "free"  to  embedded)  with  rigid  wall  pipes  while  those  for 

(5)  will  be  for  the  power  change  from  rigid  to  "absorbent".  Discussion  of 

(6)  will  also  be  for  rigid  wall  pipes. 

Effect  of  Frequency  -  The  power  changes  [Pfree/Pemb. ^  are  s'10wn 

in  Figure  4-156  for  various  values  of  x/b,  for  a  simple  source  and  an  x-y 
quadrupole.  The  simple  source  never  experiences  any  enhancement  and  is 
often  diminished  in  a  manner  similar  to  the  3-7  d3  type  diminution  experienced 
for  the  source  in  a  doubly  infinite  pipe.  For  the  xy  quadrupole,  significant 


Walls;  Effect  of  Frequency 
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power  enhancement  can  occur  for  kb  <  1  and  x/b  <  2.  That  is,  the  embedded 
quadrupole  can  generate  far  more  power  than  a  "free"  quadrupole  (of  the  same 
strength)  due  to  strong  interaction  with  the  duct  edges.  For  x/b  <  2,  the 
enhancement  increases  as  kb  decreases,  since  low  frequency  waves  can  "sense 
the  edges"  substantially.  For  x/b  _>  2,  there  is  no  significant  enhancement, 
and  decreasing  kb  no  longer  has  an  adverse  effect,  due  to  the  fact  that  for 
kb  <  tt/2  the  xy  quadrupole  excites  only  nonpropagating  duct  modes  whose  decay 
rate  is  greater  the  lower  the  value  of  kb. 

Effect  of  (x0/b)  -  These  results  are  shown  in  Figure  4-157.  As  might  be 

anticipated  from  Figure  4-156,  simple  source  results  are  not  very  interest¬ 
ing.  The  xy  quadrupole  results  for  kb  =  0.2,  0.5,  and  1  show  the  dramatic 

alleviation  of  the  edge  interaction  enhancement  by  deeper  embedding.  Once  kb 

exceeds  tt/2  (the  "cut  on"  frequency  for  the  xy  quadrupole),  the  behavior  of 
the  xy  quadrupole  solutions  becomes  very  similar  to  those  of  the  simple 
source.  This  is  expected,  since  for  a  simple  source,  x  dipole  and  xx  quad¬ 
rupole,  the  "cut  on"  value  of  kb  equal  0  with  rigid  walls.  In  Figure  4-157, 
for  kb  greater  than  appropriate  "cut  on"  frequency,  the  results  for  the 
source  in  a  doubly  infinite  pipe  are  also  shown. 

Effect  of  Singularity  Type  -  These  results  are  shown  in  Figures  4-158 
and  4-159.  The  "cut  on"  values  of  kb  for  a  rigid  walled  duct  are:  (1)  0  for 
the  simple  source,  x  dipole,  xx  quadrupole;  (2)  tt/2  for  the  y  dipole,  xy 
dipole;  and  (3)  it  for  the  yy  quadrupole.  Above  these  "cut  on"  values,  the 
embedded  semi-infinite  pipe  values  generally  lie  between  the  doubly  infinite 
pipe  and  free  space  value  (0  dB)  with  a  preference  for  the  latter  at  low 
frequencies  (except  at  very  close  spacings  for  quadrupole  singularities),  and 
for  the  former  at  high  frequencies.  Below  these  cut  on  values,  the  xy  quad¬ 
rupole  alone  generally  shows  the  previously  noted  enhancement  at  low  fre¬ 
quencies  kb  _<  1  and  for  (x/b  <  2)  .  The  y  dipole  is  not  singular  enough 
(inasmuch  as  edge  interactions  themselves  are  of  dipole  character)  to  exhibit 
any  significant  enhancement.  The  yy  quadrupole  does  show  10  dB  type  enhance¬ 
ment  at  kb  =  0.2  and  x/b  =  0.25,  but  with  its  "high"  cut  on  frequency  (kb  = 
tt),  any  significant  embedding  destroys  such  enhancement.  Another  minor  point 
of  Figure  4-159  is  that,  at  high  frequencies  (especially  for  the  smaller 
x/h),  the  transverse  singularities  (v  dipole,  xy  quadrupole,  and  yy  quadru¬ 
pole)  are  closer  to  the  free  space  values  (0  dB)  (as  compared  to  the  doubly 
infinite  pipe  values)  than  are  the  axial  singularities.  This  is  because  the 
benefits  of  physical  shielding  really  occur  at  large  angles  to  the  jet  axis 
(0j  tending  to  180°)  where  these  singularities  are  weak. 

Effects  on  Directivity  -  The  mechanism  by  which  embedded  singularities 
radiate  to  the  far  field  is  that  they  first  excite  duct  wave  guide  modes  as 
il  the  duct  wet"  doubly  infinite,  and  these  then  radiate  to  the  far  field 
from  the  open  end  (in  addition  to  producing  reflected  waves  in  the  duct).  At 
low  frequencies,  the  characteristic  directionality  of  axial  singularities  is 
more  or  less  completely  destroyed,  and  their  radiation  patterns  become  very 
similar  to  that  of  a  source  in  a  duct,  being  more  or  less  omnidirectional  in 
the  "illuminated"  portion  of  the  exhaust  arc  and  exhibiting  a  characteristic 
shielding  effect  in  the  inlet  arc.  The  shielding  increases  (generally)  with 
frequency,  angle  from  jet  axis  and,  to  some  extent,  with  depth  of  embedding. 
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Figure  4-160  shows  some  o£  the  directivity  results,  where  the  directivity  of 
the  "free"  singularity  is  also  shown.  The  directivity  of  the  embedded  singu¬ 
larity  can  be  inferred  from  the  formula  (p^,b)dB  =  (Pfree>dB  "  <Pf ree^embW 
At  low  frequencies,  the  transverse  singularities  generally  exhibit  a  direc¬ 
tivity  pattern  resembling  that  of  a  transverse  dipole  in  a  plate  [i.e.,  vary¬ 
ing  as  sin  (0j/2)].  At  high  frequencies  a  remarkable,  exact  solution  results. 
The  type  of  duct  waveguide  modes  excited  by  the  various  singularities  can  be 
tabulated  as  shown  in  Table  4.8-1. 


Table  4.8-1.  Waveguide  Duct  Mode  Types, 
n  =  0,  1,  2,  3,  ... 


Singularity 

Rigid  Walls 

■ 

Pressure  Release 

■ 

Source 

cos  (niry/b) 

© 

cos  [  (n  +  1/2)  -jp-] 

© 

x  dipole 

cos  (nrry/b) 

© 

cos  [  (n  +  1/2) 

© 

y  dipole 

sin  [  (n  +  1/2) 

© 

sin  (nTry/b) 

© 

xx  quadrupole 

cos  (nny/b) 

Q 

cos  [  (n  +  1/2) 

© 

xy  quadrupole 

sin  [  (n  +  1/2) 

© 

sin  (mry/b) 

© 

yy  quadrupole 

cos  (miy/b)  (n^O) 

© 

cos  [  (n  +  1/2) 

b 

© 

Associated  with  the  singularity-boundary  conditions  shown  as  (T)  in  Table 
4.8-1,  one  can  associate  angles  Un  =  sin~l  (nu/kb)  and  angles  ®n-i/2  = 
sin~l  (n  -  l/2)ir/kb)  with  the  combinations  shown  as  (2) .  These  angles  are 
all  less  than  tt/2,  and  only  a  few  of  these  will  exist,  depending  on  how 
large  kb  becomes  (there  will  be  more  and  more  such  angles  as  kb  increases). 

The  remarkable  fact  is  that,  for  the  combinations  shown  as  (l) ,  the  far-field 
acoustic  pressure  is  exactly  the  same  as  its  free-field  value  except  for  a 
phase  shift  of  exp  (jknxG)  where  kn  =  {k2  -  (nrr/b)2}l/2  at  the  angles  0n. 

This  result  is  independent  of  xQ.  Similarly,  for  the  combinations  shown  as 
©,  the  pressure  is  unchanged  at  0  +  j/2  except  for  a  phase  shift  exp 
( jkn+i  /nx0)  ,  where  kn+-^y2  =  -  [(n+1/2)  Jl]2]1/2.  Based  on  this  exact 

result,  the  result  for  high  frequencies  (with  regard  to  directivity  changes) 
can  be  explained  ns  follows:  In  the  exhaust  arc  (for  0  <_  _<  90°),  at  the 

above  mentioned  angles,  the  ratio  Pemb/Pf ree  is  unity-  Between  these  angles 
(which  become  increasingly  close  together  as  kb  goes  up)  there  are  character¬ 
istic  diffraction  valleys  and  peaks  which  are  more  intense  as  kb  becomes  small 


the  more  complex  the  singularity,  the  smaller  x/b  is,  and  the  greater  the  value 
of  0j.  Beyond  9j  =  90°,  there  is  strong  physical  shielding,  which  increases 
with  kb,  x/b,  8 j ,  and  is  most  pronounced  for  the  xx  quadrupole,  and  least  pro¬ 
nounced  for  the  yy  quadrupole  (shielding  being  estimated  from  the  ratio 
Pfree^Pemb^  * 

Effects  of  "Absorbent"  Walls  -  It  is  reiterated  that  the  modeling  in  the 
present  analysis  of  the  effect  of  absorbent  walls  is  quite  crude,  being  based 
on  suggestions  by  Butler(94)  that  some  estimate  of  this  effect  can  be  obtained 
by  taking  the  arithmetic  average  of  the  solution  for  rigid  and  pressure-release 
walls.  This  approximation  basically  limits  the  predicted  power  change  due  to 
"absorbing"  walls  to  about  6  dB  (except  for  possible  unusual  phasing  and  duct 
cut-off  effects).  The  results  are  shown  in  Figure  4-161.  Two  aspects  of  the 
results,  while  correct  in  the  context  of  the  present  model,  ought  to  perhaps 
be  viewed  with  skepticism.  First,  for  kb  <  tt  and  large  embedding,  absorbing 
walls  are  actually  predicted  to  increase  the  acoustic  power  of  a  yy  quadrupole 
over  the  case  of  rigid  walls.  This  is  because  the  cut-on  frequency  for  a  yy 
quadrupole  with  pressure  release  walls  is  actually  less  (kb  =  tt/2)  for  pres¬ 
sure-release  walls  than  for  rigid  walls  (kb  =  tt)  .  Second,  for  large  kb  (for 
example,  kb  =  20  results),  absorptive  walls  are  predicted  to  have  a  very  small 
effect.  This  is  because,  with  centerline  source  placement,  at  high  kb  the 
walls  are  too  distant  from  the  source  to  significantly  affect  its  radiation. 
High  frequency  jet  noise  sources  may  be  located  well  off-axis,  so  that  they 
are  quite  close  to  the  "absorbent"  walls.  Hence  the  results  of  Figure  4-161 
should  not  be  misconstrued  as  implying  that  lined  ejectors  will  be  ineffective 
at  high  frequencies.  Apart  from  these  two  reservations,  the  results  of  Fig¬ 
ure  4-161  are  quite  reasonable.  Absorbent  walls  are  more  effective  on  trans¬ 
verse  singularities,  especially  with  short  depths  of  immersion.  This  is  pre¬ 
sumably  because  of  the  stronger  concentration  in  the  direction  of  the  walls  of 
the  free  fields  of  such  singularities  (as  compared  to  axial  singularities  whose 
free  fields  are  more  focused  parallel  to  the  duct  axis).  With  x/b  _>  2,  at  low 
frequencies  such  differences  disappear,  and  treatment  is  rather  uniformly 
effective  on  all  singularities  (except  for  the  previously  noted  case  of  the 
yy  quadrupoles) .  At  high  frequencies,  differences  (based  on  singularity  type) 
persist  even  with  deep  embedding,  and  one  continues  to  notice  rather  greater 
effectiveness  for  the  transverse  singularities.  Deeper  embedding  helps  in 
enhancing  treatment  effectiveness,  but  in  the  present  model  this  is  only  true 
up  to  an  x/b  value  of  approximately  2. 

Implications  for  Ejector  Acoustics  -  It  should  be  noted  first  of  all  that 
this  effort  addresses  only  the  physical  shielding  or  acoustics  aspects  of 
embedding  jet  noise  sources  in  a  containment  such  as  an  ejector.  An  ejector 
undoubtedly  alters  the  aerodynamics  of  the  jet  plume  in  a  major  way  (source 
alteration),  and  this  issue  is  not  addressed  in  the  present  study.  Also,  the 
present  study  only  addresses  the  sources  that  lie  Inside  the  ejector,  since 
these  are  the  only  ones  that  are  expected  to  be  subject  to  shielding/solid 
surface  interaction  effects.  The  implications  of  this  study  are  as  follows: 
Identifying  "2b"  in  Figure  4-153  with  the  duct  diameter  and  considering  jets 
with  exit  Mach  number  from  1  to  2  and  low  Strouhal  numbers  of  the  order  0.25 
to  0.5,  the  use  of  ejectors  may  actually  have  a  negative  effect  unless  they 
are  quite  long  (L/D  substantially  greater  than  unity).  This  is  because 
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substantial  power  enhancement  occurs  for  the  xy  quadrupole,  in  this  Strouhal 
number  regime  with  ejectors  of  L/D  of  order  unity,  much  of  this  enhancement 
occurring  at  right  angles  to  the  jet  axis  and  in  the  inlet  arc.  With  regard 
to  directionality  at  such  low  Strouhal  numbers,  the  patterns  will  be  far  less 
directional  in  the  sideline  and  inlet  arc  portions  than  the  "free"  jet  pat¬ 
terns.  At  high  frequencies,  ejectors  can  provide  a  real  shielding  benefit 
especially  at  large  angles  to  the  jet  axis  (0 j  >  90°).  In  the  exhaust  arc 
itself  (0j  £  90°),  the  ejector  shielding  effects  (at  high  frequencies)  are 
minimal  being  confined  to  minor  diffraction  effects.  A  treated  ejector  does 
help  to  mitigate  some  of  the  low  frequency  power  enhancement  effects  since  it 
is  most  effective  along  the  sideline  and  inlet  arc  directions  where  much  of 
the  power  enhancement  occurs.  As  might  be  expected,  treatment,  to  be  effec¬ 
tive,  does  require  the  sources  to  be  close  (in  terms  of  wave  lengths)  to  the 
treated  surface.  The  enhancement  of  low  frequency  power  previously  referred 
to  will  be  an  adverse  effect  only  to  the  extent  that  the  flow  inside  the 
ejector  is  turbulent. 


5.0  MIXING  INTERFERENCE  EXPERIMENTS 


A  series  of  experiments  has  been  conducted  to  evaluate  the  acoustic  and 
aerodynamic  characteristics  of  various  types  of  single-  and  multielement  jets. 
The  various  configurations  tested  were  comprised  of  simple  shapes  and  arrays 
which  could  be  used  to  examine  and  isolate  various  jet  noise  mechanisms. 

The  following  configurations  were  tested: 

1.  Single  round  Jet  (d  =  7/8"  diam.  and  1.5"  diam.) 

2.  Single  rectangular  jet,  6:1  aspect  ratio 

3.  Twin  round  jets,  1.33  <_  s/d  <^5.0* 

4.  Twin  rectangular  jets,  2.08  <_  s/t  <_  13.89* 

5.  Five-jet  linear  arrays 

6.  Six-  and  seven-tube  clustered  arrays 

Tables  5-1  through  5-5  list  the  test  point  conditions  for  each  of  these  con¬ 
figurations  where  acoustic  data  were  taken.  Table  5-6  summarizes  the  condi¬ 
tions  and  locations  where  laser  velocimeter  flow  field  measurements  were 
taken  for  each  configuration.  Finally,  source  location  measurements  using 
the  "hole-in-the-wall"  technique  were  made  for  selected  configurations,  and 
these  are  summarized  in  Tables  5-7  and  5-8. 

The  following  sections  describe  each  of  these  experiments  in  detail, 
with  an  emphasis  placed  on  evaluation  of  the  various  jet  noise  mechanisms 
identified  in  Section  4. 


5.1  SINGLE  ROUND  JET  NOISE 


A  series  of  experiments  were  conducted  to  provide  data  on  the  individual 
round  jets  used  in  twin- round  linear  array  and  circular  array  configurations. 
These  experiments  were  performed  with  the  same  7/8-in.  and  1.5-in.  diameter, 
which  were  used  in  the  multijet  tests.  The  test  parameters  were  arranged 
to  produce  the  same  velocity  and  temperature  as  in  the  multijet  tests.  A  map 
of  the  velocities  and  temperatures  is  shown  in  Figure  5-1.  All  of  these  tests 
were  carried  out  at  the  CRD  jet  noise  facility  with  the  microphone  boom  in  a 
horizontal  position,  ij/  =  0,  and  with  8  inches  of  acoustical  foam  covering 
the  concrete  pad.  A  complete  description  of  this  facility  is  available  in  a 
paper  by  Kantola^M.  To  establish  the  validity  of  this  data  set,  the 
experimental  results  obtained  here  are  compared  to  well  established  prio'r  in¬ 
formation.  It  should  be  noted  that  corrections  have  not  been  applied  to  these 
data  for  ground  reflection  and  atmospheric  absorption  due  to  the  acoustical 
foam  ground  cover  and  to  the  short  microphone  radius  of  9  ft. 


*  s  denotes  the  minimum  center-to-center  distance  between  two  nozzles  and 
t  the  width  of  the  rectangular  nozzle, 
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Table  5-1.  Test  Point  Conditions  for  Single  Round  Jet. 


(1) 


Velocity 

(fps) 

Temperature 

(°  R) 

530 

1250 

1600 

1700 

1900 

2000 

SR  7/8(2) 

SR  7/8 

SR  7/8 

SR  7/8 

1000 

SR 

SR 

SR 

SR 

SRE 

SRE 

SRE 

SRE 

SRE 

SR  7/8 

SR  7/8 

SR  7/8 

1500 

SR 

SR 

SR 

SRE 

SRE 

SRE 

SRE 

SR  7/8 

SR  7/8 

SR  7/8 

175 

1900 

SR 

SR 

SR 

SRE 

SRE 

SRE 

SRE 

SR  7/8 

SR  7/8 

2175 

SR  7/8 

2300 

SR 

SR 

SRE 

2450 

SRE 

^In  all  cases  except  the  single  round  jet,  measurements  in  at  least 
three  and  as  many  as  five  azimuthal  planes  were  made. 

^Configuration;  SR  7/8  =  Single  Round  (d  =  7/8  in.) 

SR  =  Single  Round  (d  =  1.5  in.) 

SR  =  Single  Rectangular  =  SRE 


394 


Table  5-2. 


Test  Point  Conditions  for  Twin  Round  Jets. 
(Spacing  will  be  shown  in  boxes,  s/d) 


■^7 


Test  5-5.  Test  Point  Conditions  for  Six-  and 
Seven-Tube  Clustered  Arrays. 


Configuration:  Clustered  Arrays. 


Temperature 

(°  R) 

Velocity 

530 

1250 

1600 

1700 

1900 

2000 

(fps) 

6L(1) 

6L 

6L ,  7L(2) 

6L 

1000 

6M 

6M 

6M,  7M 

6M 

6S 

6S 

6S ,  7S 

6S 

6L ,  7L 

6L ,  7L 

6L,  7L 

1500 

6M,  7M 

6M,  7M 

6M,  7M 

6S ,  7S 

6S ,  7S 

6S,  7S 

61. 

6L ,  7L 

6L 

1750 

6M 

6M,  7M 

6M 

6S 

6S ,  7S 

6S 

1900 

6L,  7L 

2175 

6M,  7M 

6S,  7S 

6L 

6L 

2375 

6M 

6S 

6S 

6L  -  Large  6  tube 
6M  -  Medium  6  tube 
6S  -  Small  6  tube 

(2) 

/S  -  Large  7  tube 
7M  -  Medium  7  tube 
7S  -  Small  7  tube 
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Table  5-6.  LV  Measurements. 


Configuration 

V  ’K 

UQ,  m/sec 

M 

Radial  Traverse 
at  Axial  Station 
(Diameter  Y/D ) 
Corresponding  to  X/D 

1.  Single  Round 

294 

100 

0.  3 

2,  6,  9 

2.  Single  Round 

294 

303 

0.967 

2,  6,  10 

3.  Single  Round 

644 

448 

0.967 

2,  6,  10,  14 

4.  Single  Rectangular 

294 

303 

0.967 

2,  6,  10,  14 

5.  Single  Rectangular 

644 

448 

0.967 

2,  6,  10,  14 

6.  Twin  Round  at 

2  in.  Separations 

294 

303 

0.967 

6,  8,  10,  14 

7.  Twin  Round  at 

2  in.  Separations 

644 

448 

0.967 

2,  6,  8,  10,  14 

8.  Twin  Round  at 

5  in.  Separations 

644 

448 

0.967 

2,  6,  8,  10,  14 

9.  Twin  Rectangular  at 

2  in.  Separations 

644 

448 

0.967 

2,  6,  8,  10,  14 

10.  Twin  Rectangular  at 
4.125  in. 

Separations 

644 

448 

0.967 

2,  6,  8,  10,  14 

'/ 
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Table  5-7.  Hole-In-The-Wall  Measurements 
for  Twin-Round  Nozzles. 


o 

s  h 


s 


X 


Temperature 

(°  R) 


Velocity 

(fps) 


Spacing 

(inches) 


Distance 

(inches) 


560 


1000 


2.0 


4.5 


15 

22 

23 


3.0 


0 

21 


1250 


1500 


2.0 


0 

0.75 

1.0 

4.5 
5.0 

9.5 
15.0 
22.0 


3.0 


0 

4.5 

9.0 

13.0 

14.0 

15.0 

21.0 


4.0 

4.5 

8.0 

9.0 

15.0 

21.0 
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Table  5-8.  Hole-In-The-Wall  Measurements 
for  Twin-Rectangular  Nozzles. 


2 


w 


Table  5-8.  Hole-In-The-Wall  Measurements  for 

Twin-Rectangular  Nozzles  (Concluded) . 


Spacing 

(inches) 


Distance 

(inches) 


1  7/8 


0 

1.5 
1.75 
2.0 
4.0 

4.5 


Temperature 
(°  R) 


1250 


Velocity 

(fps) 


1500 


10.5 

11.0 

11.5 

15.5 

16.5 
22.0 
24.0 


40 


3 


=  7/8  in. 

=  1  1/2  in. 


10 


Jet  Temperature,  R 


Figure  5-1.  Test  Matrix,  Single  Round  Jet 


5.1.1  Overall  Power  and  Pressure  Level 


When  compared  against  Ligh thill's  predictions,  as  in  Figure  5-2,  the  data 
from  both  nozzles  show  some  variations  in  level  at  a  given  value  of  the 
Lighthill  correlation  parameter,  p0AjVj®/a0^.  This  is  expected  because  there 
is  a  large  variation  of  jet  densitity  In  the  data,  and  the  Lighthill  pre¬ 
diction  improperly  accounts  for  the  density  ratio  effect.  There  are  no 
apparent  systematic  differences  in  level  based  on  nozzle  size. 

The  empirical  method  developed  by  Hoch,  et  al  (H)  properly  accounts  for 
the  effect  of  density  ratio.  The  result  shown  on  Figure  5-3  indicates  very 
good  data  collapse  and  suggests  that  on  an  overall  power  basis  the  data  is 
representative  of  uncontaminated  jet  noise. 

The  overall  sound  pressure  level  data  at  right  angles  to  the  jet  axis 
also  collapses  very  well  as  seen  on  Figure  5-4. 


5.1.2  Power  and  Pressure  Spectra 

As  shown  on  Figure  5-3,  the  overall  power  can  be  readily  normalized  by 
using  Hoch's  variable-density  exponent  method.  However,  the  temperature 
(hence  density  ratio)  also  affects  the  spectral  shape.  At  a  relatively  low 
velocity  of  1000  fps,  increasing  the  temperature  causes  a  shift  of  the  peak 
of  the  power  spectra  to  lower  frequencies  as  seen  in  Figures  5-5  and  5-6. 
This  spectral  warping  is  independent  of  nozzle  diameter  as  there  is  good 
agreement  between  the  two  nozzle  sizes  at  both  the  hot  and  cold  conditions. 
At  a  right  angle  to  the  jet  axis,  the  main  effect  is  a  reduction  of  the  high 
frequency  pressure  level  with  increased  jet  temperature,  as  seen  on  Figures 
5-7  and  5-8. 
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Figure  5-3.  Overall  Power,  Corrected  for  Density  Ratio,  Single  Round  Jet 


Vj  =  1000  ft/sec 
d  =  7/8  in. 
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5.2  SINGLE  RECTANGULAR  JET  NOISE 


A  study  of  the  noise  characteristics  of  rectangular  jets  was  conducted 
to  examine  the  significant  noise  mechanisms  in  both  rectangular  and  round 
jets.  By  changing  the  exit  plane  geometry  of  a  jet  from  circular  to  rectan¬ 
gular  shape,  there  should  be  corresponding  changes  in  the  turbulent  and/or 
"coherent,  orderly  structure,"  [see  Crighton^^]  and  acoustic  shielding  or 
sound/flow  interaction,  [see,  Balsa(35)j<  No  attempt  is  made  herein  to  delin¬ 
eate  between  "coherent  structure"  and  other  turbulent  mixing  effects;  these 
are  considered  to  be  noise  source  effects  which  depend  on  the  unsteady  proper¬ 
ties  of  the  jet  plume,  in  contrast  to  "acoustic  shielding"  effects  which  de¬ 
pend  on  the  mean  properties  of  the  jet  plume.  Prior  experimental  investiga¬ 
tions,  (18,95,96)  of  rectangular  jet  noise  have  not  considered  these  aspects 
and  have  been  limited  to  unheated  low  speed  flow.  A  primary  emphasis  of  the 
present  work  is  to  present  the  experimental  information  in  such  a  way  as  to 
separately  define  the  effects  of  turbulent  mixing  and  aco«.  jtic  shielding. 

This  study  of  rectangular  jet  noise  is  carried  out  for  heated,  high 
velocity  jets  typical  of  the  thermodynamic  conditions  of  interest  in  jet 
engines.  A  rectangular  nozzle  with  an  aspect  ratio  of  6:1  was  tested  over  a 
velocity  range  from  800  to  2400  fps  and  a  temperature  range  from  ambient  to 
2000°  R.  For  comparison  purposes,  round  jet  noise  using  an  equal  area  round 
nozzle  (diameter  equal  to  1.5  inches)  was  measured  concurrently  over  the  same 
velocity  and  temperature  range. 


5.2.1  Experimental  Apparatus 

The  tests  reported  herein  were  carried  out  at  the  jet  noise  test  facility 
of  the  General  Electric  Research  and  Development  Center  (see  Section  3.1). 

The  rectangular  nozzle  is  shown  in  Figure  5-9.  Jet  velocities  quoted  here¬ 
in  are  based  on  the  plenum  pressure  and  temperature,  assuming  isentropic  expan¬ 
sion  to  ambient  pressure.  All  of  the  aerodynamic  data  (pressures  and  tempera¬ 
tures)  were  measured  continuously,  and  the  average  of  6  to  7  data  points  during 
a  typical  acoustic  reading  was  used  to  determine  the  jet  velocity  and  tempera¬ 
ture.  A  General  Radio  1/3-Octave  Band  Analyzer  (GR1921),  using  a  4-second 
integration  time,  was  used  to  measure  the  acoustic  levels.  The  microphones 
were  sampled  sequentially  through  the  use  of  a  General  Radio  Multichannel 
Amplifier  (GR1566),  with  a  total  time  to  read  the  12  microphones  of  slightly 
less  than  a  minute.  No  corrections  for  ground  reflections  were  used  and  cor¬ 
rections  for  atmospheric  absorption  were  not  applied  to  the  data  due  to  the 
relatively  short  microphone  radius  of  9  feet. 


5.2.2  Experimental  Results  and  Discussion 
5. 2. 2.1  Overall  Acoustic  Power 


The  noise  of  the  rectangular  jet  is  compared  with  that  of  an  equivalent- 
area  round  jet  on  an  overall  acoustic  power  basis  in  Figure  5-10.  Three 
azimuthal  measurement  planes,  ip  =  0 ,  45°  and  90°,  are  used  to  obtain  the 


413 


OAPWL*  (dB) 


Figure  5-10.  Total  Power  Comparison,  Round  Versus  Rectangular. 
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acoustic  power  levels  of  the  rectangular  jets.  The  round  jet  noise  is 
greater  than  the  rectangular  jet  noise,  the  difference  being  small  at  low 
velocity,  but  increasing  to  almost  3  dB  at  high  jet  velocity.  The  data 
agree  with  the  low  velocity  results  of  Mestrello  and  Mcl)aid(95)  which  is  also 
shown  on  Figure  5-10. 

Hoch's^^  method  of  correcting  for  the  effect  of  variable  jet  density  was 
applied  to  the  data  presented  on  Figure  5-10.  The  dependence  of  the  density 
exponent,  w,  on  the  ratio  of  jet  velocity  to  ambient  speed  of  sound,  Vj/aQ, 
as  used  in  Figure  5-10,  is  shown  on  Figure  5-11.  Figure  5-10  is  a  good  example 
of  the  type  of  data  collapse  possible  with  Hoch's  method  because  data  at  many 
different  temperatures  have  been  reduced  to  the  same  curve.  The  jet  density 
exponent  for  rectangular  jets  was  also  determined  in  the  manner  of  Hoch,  et  al. 
A  comparison  between  Hoch's  results  for  round  jets  and  the  present  results  for 
rectangular  jets  are  shown  on  Figure  5-11.  The  density  exponent  for  the  rec¬ 
tangular  jet  is  qualitatively  similar  to  that  of  a  round  jet.  There  is,  how¬ 
ever,  a  noticeable  difference  in  level. 


5. 2. 2. 2  Spectral  and  Directivity  Comparisons 

A  prominent  feature  of  rectangular  jet  noise  Is  the  existence  of  distinct 
"quiet"  and  "loud"  planes.  Defining  the  azimuthal  angle,  tjj,  as  shown  in 
Figure  5-12,  the  q  ’’et  plane  contains  the  major  axis  of  the  jet  while  the 
loud  plane  contains  the  minor  axis.  Crighton(19)  used  a  stability  analysis  to 
predict  that  a  elliptical  jet  would  have  more  rapid  growth  of  spatial  distur¬ 
bances  (flapping  modes)  in  the  plane  parallel  to  the  minor  axis  and  this  would 
load  to  enhanced  noise  emission  in  the  loud  plane.  Balsa  (-*-’)  ajso  predicted 
differences  between  the  loud  plane  and  quiet  plane  based  on  acoustic  shielding 
considerations.  It  is  necessary  to  examine  the  data  in  a  manner  which  sepa¬ 
rates  the  source  alteration  effects  (such  as  (Brighton's  flapping  mode  instabil¬ 
ity)  from  acoustic  shielding  effects.  Tt  is  known  from  previous  theoretical 
work  (see  Section  4.2)  that  acoustic  shielding  effects  are  negligible  at 
0  =  90°  for  cold  jets.  (This  Is  strictly  true  only  for  nonturbulent  flow, 
because  the  instantaneous  variation  of  the.  local  velocity  vector  in  turbulent 
flow,  causes  a  loss  of  acoustic  transmission  even  for  acoustic  waves  that  are 
normal  to  the  mean  flow  direction.  This  effect  of  turbulence  on  the  trans¬ 
mission  of  sound  has  been  measured  by  Norum^l)^. 

Unheated  high  subsonic  jet  noise  from  round  and  rectangular  nozzles  is 
compared  on  Figure  5-12.  At  an  emission  angle  of  90°,  the  differences  bet¬ 
ween  the  round  and  rectangular  jet  noise  are  minimal  but  significant.  It  is, 
therefore,  concluded  that  the  turbulent  field  of  the  rectangular  jet  differs 
slightly  from  that  of  t he  round  jet.  This  difference  in  noise  spectra  would 
remain  relatively  constant  with  emission  angle  If  source  alteration  was  the 
dominant  effect,  but  at  angles  of  1  -  30°  and  60°  there  are  somewhat  larger 
differences  in  the  round  and  rectangular  jet  noise  spectra. 


At  9  =  90°,  lIic  rectangular  jet  noise  SPL  at  9'  -  90°  is  larger  than 
at  .  =  O'.  This  reversal  ol  the  quiet  and  loud  planes  is  not  expected 
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NOTE:  DENSITY  EXPONENT,  a/,  IS 
BASED  ON  OAPWL  DATA 


Figure  5-11.  Effect  of  Velocity  on  Density  Exponent,  u. 
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from  (Brighton's  work  and  it  cannot  be  explained  by  the  acoustic  shielding 
theory  of  Balsa^S)  which  would  predict  an  axisymmetric  sound  field  for  these 
conditions.  It  is  unlikely  that  the  turbulent  flow  effects  on  the  shielding 
mechanism  could  produce  this  reversal  of  the  quiet  and  loud  planes  shown  in 
Figure  5-12.  This  reversal  is,  therefore,  judged  to  be  due  to  an  asymmetric 
source  distribution. 

As  the  angle  between  observer  direction  and  the  jet  axis  decreases,  the 
SPL  levels  in  the  =  0°  plane  become  dominant.  Figure  5-12  shows  that  at  0  =  60° 
the  SPL  levels  in  the  \p  =  0°  plane  are  higher  at  the  higher  frequencies.  This 
trend  is  equalitatively  consistent  with  the  theoretical  predictions  of  Balsa(35). 
The  emission  angles  from  40°  to  60°  to  the  jet  axis  are  the  most  significant 
contributors  to  overall  acoustic  power  and  it  is  significant  that  the  shielding 
predictions  provide  the  proper  qualitative  results.  These  results  also  indi¬ 
cate  that  neither  of  the  supposed  mechanisms  acts  in  isolation.  Thus,  the 
source  alteration  effects  are  judged  to  be  dominant  at  large  angles  to  the  jet 
axis  and  the  radiation  pattern  of  these  sources  appears  to  be  strongly  modi¬ 
fied  at  shallow  angles  to  the  jet  axis  by  shielding  effects  on  the  mean  flow. 

The  trend  of  APWL^  increasing  with  frequency,  evident  in  the  power  spectra 
of  Figure  5-13,  agrees  well  with  shielding  theory.  Figure  5-14  shows  that 
the  differences  (in  terms  of  OASPL)  are  dependent  on  the  angle  to  the  jet  axis. 

At  angles  close  to  the  jet  axis,  there  is  a  second  reversal,  with  the  OASPL 
measured  in  the  ip  =  0°  plane  again  being  less  than  that  measured  in  the  =  90° 
plane.  This  second  reversal  in  AOASPL^,  is  due  to  dominance  of  the  OASPL  by 
the  low  frequency  portion  of  the  SPL  spectrum  at  low  angles,  as  can  be  seen  in 
Figure  5-15.  At  the  higher  frequencies,  acoustic  shielding  is  still  evident 
at  the  shallow  angles.  The  high  frequency  ASPL^  at  0  =  30°  is  approximately 
the  same  as  at  0  =  90°  and  maximum  ASPL^  occurs  near  0  =  60°.  More  variations 
of  ASPL^  with  emission  angle  are  shown  on  Figure  5-16,  where  data  at  three 
Strouhal  numbers  are  compared  to  Balsa’s  theoretical  predictions.  The  large 
negative  values  at  ASPL,j,  for  the  very  shallow  angles  are  unexpected.  It  is 
expected  that,  for  on-axis  source,  ASPL^  will  tend  towards  zero  at  shallow 
angles  as  the  rectangular  jet  degenerates  to  a  more  round-line  plume,  but  it 
should  not  become  negative. 

The  observed  trend  can  be  explained  by  considering  that  the  sources  are 
distributed  across  the  jet  and  taking  into  account  the  propagation  paths 
through  the  diffusing  jet.  Figure  5-17  illustrates  the  proposed  mechanism. 

For  sources  in  the  region  of  high  flow  asymmetry,  it  is  possible  to  have  sources 
located  much  further  away  from  the  centerline  at  =  90°  compared  to  those 
at  4>  =  0°.  The  source  at  =  90°  would  have  a  relatively  unimpeded  propagation 
path  to  the  shallow  angle  microphone,  while  the  source  at  *  0°  would  have  a 
high-impedance  path.  This  explanation  is  speculative,  but  the  data  illustrates 
trends  which  follow  this  reasoning.  A  stronger  effect  is  seen  at  the  high 
frequencies  (see  Figure  5-16)  where  the  sources  are  close  to  the  nozzle. 
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Figure  5-13.  Power  Spectra  Comparison,  Round  Versus  Rectangular. 
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Figure  5-17.  Propagation  Paths  at  Shallow  Angles. 


The  tendency  of  the  ASPL^  to  depart  From  shielding  predictions  at  shallow 
angles  is  tentatively  concluded  to  be  due  to  off-axis  distribution  of  the  noise 
sources,  and  to  the  inability  of  present  parallel  flow  shielding  theory  to 
account  for  jet  diffusion  effects.  This  conclusion  points  out  the  importance 
of  shielding  considerations  and  of  the  fact  that  current  parallel  flow  acoustic 
shielding  models  are  not  completely  adequate  for  noncircular  jets. 


5 . 2 . 2 . 3  Velc  ty  and  Temperature  Effects 


One  of  the  most  important  conclusions  to  be  drawn  from  the  shielding 
theory  (17,35!  is  the  significant  effect  of  jet  velocity  and  temperature  on  the 
radiation  properties.  The  asymmetry  exhibited  by  the  high  frequency  radiation 
patterns  of  a  rectangular  jet  is  amplified  by  increasing  jet  velocity,  and  is 
dependent  on  jet  temperature.  This  is  illustrated  in  Figures  5-18a,  b,  and  c  where 
the  acoustic  power  spectra  in  the  measurement  planes  (iJj  =  0°  and  \|»  =  90°)  for 
the  rectangular  jet  are  shown  for  a  fixed  velocity  and  several  different 
temperatures,  and  are  compared  with  round  jet  data.  A  different  velocity  is 
represented  on  each  of  the  three  figures.  The  temperature  range  is  the 
greatest  on  Figure  5-18a  and  the  APWL^  increases  monotonically  with  tempera¬ 
ture.  This  supports  the  importance  of  acoustic  shielding  in  asymmetric 
jet  noise.  At  the  low  frequencies  there  is  little  difference  between  the  loud 
and  quiet  planes  of  the  rectangular  jet  and  of  the  round  jet.  This  is  con¬ 
sistent  with  the  shielding  theory  and  it  is  not  inconsistent  with  turbulent 
structure  considerations. 


Comparing  the  rectangular  data  to  the  round  jet  data,  the  round  jet  noise 
spectrum  is  more  peaked  than  that  of  the  rectangular  jet.  As  the  jet  tempera¬ 
ture  increases  at  a  constant  jet  velocity  (Figure  5-18a) ,  the  round  jet  spec¬ 
tral  peak  dominance  increases  slightly,  while  the  high  frequency  portion  drops 
relative  to  the  rectangular  jet  spectrum.  This  high  frequency  fall-off  with 
jet  temperature  is  observed  to  be  more  drastic  at  the  lower  jet  velocities. 

The  effect  of  jet  temperature  on  overall  power  difference  between  the  quiet 
and  loud  planes  at  a  constant  jet  velocity  is  seen  in  Figure  5-19. 

The  sound  pressure  spectra  (SPL)  at  0  =  30°  at  several  velocities,  with 
temperature  held  constant,  are  shown  in  Figure  5-20.  Similar  comparisons  for 
0  =  90°  are  shown  in  Figure  5-21. 
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Raisin);  the  jet  temperature  appear:;  to  enhance  the  reversal  of  Lite  quiet 
and  loud  planes  at  shallow  angles.  This  trend  is  illustrated  in  Figure  5-22. 
Figures  5-20  and  5-21  show  that  the  differences  in  the  SIM.  between  a  round 
and  a  rectangular  jet  are  much  like  the  l’WL  results  discussed  earlier  (shown 
in  Figure  5-20) .  From  these  two  sets  of  data  it  can  be  concluded  that  the 
principal  differences  between  the  round  jet  noise  and  the  rectangular  jet 
noise  occur  at  the  frequency  and  emission  angle  of  peak  intensity. 

Some  shock-associated  noise  is  also  visible  on  Figures  5-20a  and  5-21a 
in  the  highest  velocity  data.  This  shock  noise  appears  in  both  the  round  and 
the  rectangular  SPL  levels  at  G  =  90°  (Figure  5-21a) . 

The  effects  of  velocity  and  temperature  on  the  ASPL^,  for  fixed  source 
Strouhal  numbers  are  shown  in  Figures  5-23a,  b,  and  c.  These  figures  illus¬ 
trate  that  ASPL^  increases  with  frequency  and  velocity  and  is  dependent  on 
jet  temperature.  The  major  changes  with  emission  angle  occur  at  the  peak 
intensity  (intermediate)  Strouhal  numbers.  Very  little  change  is  noted  at  the 
low  Strouhal  numbers,  where  the  source  alteration  effect  is  the  only  signifi¬ 
cant  noise  mechanism.  Again,  a  maximizing  of  ASPL  is  seen  to  occur  near  0  = 
60°.  These  results,  however,  do  not  take  into  account  the  variation  of 
convection  speed  Mc  with  jet  temperature  and  nozzle  geometry. 

5.2.3  Effect  of  Velocity  on  Peak  Frequency 

Lush^10^  found  that  at  shallow  angles  to  the  jet  axis  the  spectral  peak 
frequency  for  unheated  round  subsonic  jets  was  independent  of  velocity.  An 
increase  in  spectral  peak  frequency  (at  0  =  30°)  is  clearly  evident  in  Figures 
5-20a,  b,  and  c,  however,  as  the  velocity  and  temperature  are  raised  above 
cold  son1'"  conditions.  The  trend  exhibited  by  the  rectangular  jet  spectra 
follows  that  of  the  round  jet  data.  The  spectra  become  more  rounded  at  the 
higher  velocities,  however,  making  identification  of  a  spectral  peak  morediffi- 
cult.  A  similar  pattern  can  also  be  seen  at  0  =  90°  as  shown  in  Figures 
5-21a,  b,  and  c.  This  upward  shift  of  the  peak  frequency  at  high  velocity  is 
in  agreement  with  the  heated  round  jet  data  of  Lush  and  Burr in (99)  as  shown  on 
Figures  5-24a  and  Unheated  subsonic  data  are  also  presented  in  Figure 

5-24  and  exhibit  the  stationary  behavior  of  the  peak  frequency  with  velocity 
as  found  in  the  earlier  work  of  Lush. 
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Figure  5-21.  Peak  Frequency  Versus  Jet  Velocity. 


433 


5 . 2 . A  Summary 

The  major  conclusion  of  this  section  is  that  the  reduction  in  overall 
acousitc  power  of  a  rectangular  jet,  when  compared  to  an  equivalent  area  round 
jet,  is  mainly  due  to  shielding  effects  of  the  mean  velocity  and  temperature 
field.  This  conclusion  is  based  on  the  observations  that  the  major  differences 
between  the  round  and  rectangular  jet  noise  occurred  at  emission  angles  of  peak 
intensity,  and  that  these  differences  increased  with  jet  velocity.  There  are 
no  observable  differences  in  the  power  spectrum  at  low  frequencies,  and,  in 
general,  the  SPL  spectral  shapes  are  more  similar  at  right  angles  to  the  jet 
axis  than  at  the  shallow  angles.  These  observations  are  in  qualitative  agree¬ 
ment  with  the  predictions  of  acoustic  shielding  theory.  Small  differences  be¬ 
tween  the  round  and  rectangular  SPL  spectrum  taken  at  a  right  angle  to  jet 
axis,  for  unheated  flow,  are  also  observed,  indicating  that  some  differences 
exist  in  the  noise  source  distributions.  When  comparing  the  PWL  and  SPL  data 
from  round  and  rectangular  jets,  the  largest  differences  are  seen  to  occur 
near  the  frequencies  of  peak  power  and  intensity,  respectively.  The  effect 
of  jet  temperature  on  round  and  rectangular  jet  noise  is  apparently  modified 
by  the  enhanced  diffusion  of  the  jet  plume  with  heating,  and  the  data  displays 
a  more  complicated  dependence  on  jet  temperature  than  on  jet  velocity. 

With  regard  to  the  noise  as  measured  in  the  two  planes  of  symmetry  = 

0°  and  ip  =  90°)  for  the  rectangular  jet  itself,  the  source  location  effects 
are  dominant  when  the  observer  is  nearly  at  a  right  angle  to  the  jet  axis. 

The  radiation  patterns  of  these  distributed  sources  are  strongly  modified  by 
the  shielding  effects  of  the  jet  plume  as  the  observer  approaches  the  jet 
axis.  Shielding  theory,  in  its  present  form,  is  valid  in  the  vicinity  of  the 
peak  intensity  and  is  inadequate  at  shallow  angles.  The  largest  values  of 
ASPLiji  occurred  from  40  to  60  degrees  to  the  jet  axis,  coinciding  with  the  loca¬ 
tions  of  peak  power  contribution. 

The  difference  power  level,  APWL^,  showed  a  monotonic  increase  with 
frequency,  a  general  increase  with  jet  velocity,  and  was  negligible  at  low 
frequencies.  These  observations  generally  support  the  acoustic  shielding 
arguments.  At  shallow  angles  to  the  jet  axis,  however,  the  agreement  breaks 
down  and  reversals  of  the  roles  of  the  quiet  and  loud  planes  take  place. 

These  reversals  are  more  severe  at  high  temperatures  and  low  velocities.  It 
appears  that  in  order  for  shielding  theory  to  properly  predict  the  shallow 
angle  noise  of  a  noncircular  jet  it  will  be  necessary  to  include  the  effects 
of  jet  spreading  and  diffusion,  and  the  effects  of  off-axis  source  locations. 
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5.3  TWIN  ROUND  JET  NOISE 


Jet  noise  suppressors  are  usually  constructed  so  that  the  exhaust  plume 
of  the  engine  is  subdivided  into  many  separate  smaller  jets.  Noise  data 
exists  on  a  wide  variety  of  complex  suppressor  configurations,  but  there  is 
a  lack  of  data  on  simpler  elemental  configurations.  This  section  provides 
a  thorough  study  of  the  simplest  possible  multielement  suppressor,  the 
twin-round  jet  configuration.  This  configuration  has  received  minor  atten¬ 
tion  in  the  published  literature  (Greatrex^^^)  ancj  Goethert (101)  present 
some  limited  information) . 

Emphasis  is  placed  on  discerning  between  suppressed  effects  of  the  tur¬ 
bulent  field  (noise  source  aspects)  and  effects  of  the  steady  velocity  and 
temperature  fields  (shielding  aspects).  These  two  noise  suppression  mechan¬ 
isms  can  be  clearly  separated  on  the  simple  twin-jet  experiments. 


5.3.1  Experimental  Methods 

The  experiments  reported  in  this  section  were  conducted  at  the  General 
Electric  Research  and  Development  Center  iet  noise  test  facility  (see 
Section  3.1).  Convergent  nozzles  used  for  testing  are  shown  in  Figure  5-25. 
Each  nozzle  has  an  exit  diameter  of  1.5  inches.  Test  conditions  were  re¬ 
corded  as  described  in  Section  5.2.1. 


5.3.2  Experimental  Results  and  Discussion 
5. 3. 2.1  Overall  Acoustic  Power 

The  principal  method  of  clarifying  the  role  of  turbulent  mixing  and 
acoustic  shielding  in  the  twin  jet  experiments  is  the  use  of  variable  nozzle 
spacing.  At  large  spacings,  turbulent  mixing  effects  will  be  minimal  and 
acoustic  shielding  effects  will  dominate.  Conversely,  at  close  spacings  the 
turbulent  mixing  effects  will  be  enhanced,  and,  as  will  be  explained  later, 
the  acoustic  shielding  will  be  minimized.  By  measuring  the  acoustic  radia¬ 
tion  in  different  azimuthal  planes,  further  clarification  of  the  effects  of 
these  two  different  mechanisms  is  realized.  In  the  measurement  plane  con¬ 
taining  the  nozzle  centerlines  (ij;  =  0°),  the  acoustic  shielding  will  be  the 
greatest;  while  in  the  plane  perpendicular  (ip  -  90°)  to  the  plane  containing 
the  nozzle  centerlines,  little  or  no  acoustic  shielding  should  be  evident. 
This  is  indeed  the  case,  as  seen  in  Figures  5-26  and  5-27,  where  the  quiet 
plane  ip  =  0°)  overall  acoustic  power,  OAPWL,  measurements  are  consistently 
less  than  the  sum  of  two  independent  twin  jets  (single  jet  +  3  dB) . 

As  the  spacing,  s,  is  increased,  the  measured  OAPWL  in  the  quiet  plane, 
for  the  most  part,  decreases  until  the  spacing  to  nozzle  diameter  ratio, 
exceeds  3.  At  spacing  ratios  above  3.0,  the  OAPWL  in  the  quiet  plane  is 
rather  insensitive  to  further  increases  in  spacing.  The  loud  plane  (ip  =  90°) 
OAPWL  measurements  are  seen  to  vary  from  less  than  the  single  +  3  dB  result 
(indicating  mixing  suppression)  to  greater  than  the  single  +  3  dB  result 
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-25.  Twin  Round  Jet  Nozzles 


Figure  5  27.  Effect  of  Nozzle  Spacing  on  Acoustic  Power  of  Twin  Round  Jets 


(indicating  additional  noise  generation).  The  large  differences  between 
the  quiet  and  loud  planes  were  at  first  surprising  since  Goethert  and 
BorchersdOl)  had  reported  only  small  acoustic  power  changes  at  very  close 
spacing.  Goethert's  experiments,  conducted  with  cold  subsonic  flow,  were 
confirmed  in  the  cold  flow  tests  under  this  program  (see  Figure  5-26). 

Results  of  an  earlier  investigation  of  a  twin-jet  configuration  by 
Greatrex  and  Brown^^)  (although  considered  by  the  authors  to  be  preliminary 
and  of  uncertain  reliability)  are  compared  with  the  results  of  the  current 
study  in  Figure  5-28.  The  comparison  is  hampered  by  the  lack  of  specified 
conditions  for  the  earlier  work,  but  a  reasonable  agreement  exists  except 
for  spacings  of  less  than  two  nozzle  diameters.  At  these  close  spacings,  it 
is  expected  that  the  nozzle  exit  profile  would  play  an  important  part.  In 
the  current  work  convergent  nozzles  are  used,  but  it  is  not  known  what  type 
of  nozzle  was  used  for  the  earlier  work.  Comparisons  are  therefore  probably 
not  valid  for  very  close  spacings.  Goethert  and  Borchers  used  unheated  sub¬ 
sonic  flow  from  constant  diameter  round  tubes  and  found  a  slight  reduction 
in  total  acoustic  power  at  very  close  spacings  in  agreement  with  the  results 
shown  on  Figure  5-26. 

These  small  differences  for  unheated,  low-velocity  jets  are  increased 
by  raising  the  temperature  (and  hence  the  velocity)  at  a  constant  jet  Mach 
number  (Figures  5-26  and  5-27)  causing  an  increase  in  the  asymmetry  of  the 
radiation  patterns.  This  trend  agrees  with  acoustic  shielding  arguments. 

The  separate  effects  of  velocity  and  temperature  are  discussed  in  more  depth 
in  Section  5. 3 . 2. 5 . 


5. 3. 2.2  Azimuthal  Directivity 

The  effect  of  nozzle  spacing  on  OAPWL  as  measured  in  different  azimuthal 
planes  is  shown  in  Figure  5-29.  The  effect  is  visualized  as  the  casting  of 
an  "acoustic  shadow"  by  the  near  jet.  At  very  close  spacing,  the  shadow  is 
broad  and  not  very  deep,  hut  as  the  spacing  is  increased,  the  shadow  deepens. 
Increasing  spacing  beyond  a  certain  point  causes  a  narrowing  of  the  shadow, 
but  at  1 1'  =  0°  the  reduction  in  acoustic  energy  remains  at  the  maximum  value. 

5 . 3.2.  3  Polar  Directivity 

Shielding  theory  |as  described  by  Mani^'^  and  Balsa ^-^^1  predicts  a 
reduction  in  the  sound  radiation  of  imbedded  sources  as  the  observer  ap¬ 
proaches  the  jet  axis.  Likewise  it  would  be  expected  that  radiation  of 
nonimbedded  sources,  such  as  those  from  an  adjacent  jet,  which  traverse 
the  near  jet  would  suffer  a  similar  reduction  as  the  observer  approached 
the  jet  axis.  Figure  5-30  illustrates  this  effect  very  clearly  with  an 
increasing  reduction  of  noise  in  the  quiet  (if  =  0°)  plane  as  the  jet  axis 
is  approached.  This  reduction  is  seen  whether  comparison  is  made  to  the 
twin-jet  measurement  in  the  loud  (y  -  90°)  plane  or  the  sum  of  two  indepen¬ 
dent  jets  (single  +  3  dB) .  About  1.5  dB  of  the  reduction  can  be  attributed 
to  mixing  suppression  (for  angles  greater  than  20°),  deduced  from  comparing 
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Figure  5-29.  Change  in  Acoustic  Power  with  Azimuthal  Angle,  Twin  Round  Jets 
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the  twin-jet  noise  at  t p  -  90 0  to  the  single  jet  +  3  dB  level.  This  is 
because,  in  the  ip  =  90°  plane,  there  is  no  shielding  by  an  adjacent  jet.  The 
additional  reduction  seen  in  the  (\|>  =  0°)  twin  jet  noise  at  8  *  90°  cannot  be 
attributed  solely  to  mixing  suppression,  because  acoustic  shielding  is 
possible  at  9  =  90°  with  heated  flows. 


5. 3. 2. 4  Spectral  Effects 

The  part  of  the  jet  noise  spectrum  most  responsible  for  the  asymmetries 
of  the  spectral-averaged  measurements  mentioned  earlier  has  not  been  identi¬ 
fied  in  the  current  literature.  The  frequency  dependence  of  the  shielding 
of  the  far  jet  by  the  near  jet  is  shown  in  Figure  5-31.  Low  frequency  mixing 
suppression  can  also  be  noted  by  compring  the  single  +  3  dB  data  to  the  twin 
data  at  ij)  =  90°. 

The  sound  pressure  spectra,  SPL,  at  0  =  30°,  60°,  and  90°  are  shown  on 
Figures  5-32a,  b,  and  c.  The  trends  are  similar  to  what  would  be  expected 
from  the  OASPL  and  PWL  results,  with  the  shallow-angle,  high  frequency  data 
showing  the  largest  amounts  of  shielding.  Low  frequency  mixing  suppression 
for  the  twin-round  nozzles ,  is  evident  at  0  =  30°  (Figure  5-32a) .  At  0  *  90° 
(Figure  5-32c),  mixing  suppression  appears  over  the  majority  of  the  frequency 
range . 


5.3. 2. 5  Velocity  and  Temperature  Effects 

To  define  the  separate  effects  of  velocity  and  temperature  on  the 
acoustic  properties,  the  differences  in  overall  power,  AOAPWL^,  are  considered 
first.  Figures  5-33a,  b,  and  c  illustrate  the  change  in  AOAPWL^  with  jet 
velocity,  for  a  range  of  spacings,  with  jet  temperature  as  a  parameter.  The 
numbers  adjacent  to  the  data  points  indicate  the  jet  exit  total  temperature 
in  0  R.  At  the  middle  and  largest  spacings  (Figures  5-33b  and  c) ,  AOAPWL^ 
increases  with  velocity  until  the  velocity  becomes  supercritical. 

The  effects  of  temperature  on  AOAPWL^  are  less  clear  than  the  effects 
of  velocity.  For  all  spacings  (Figures  5-33a,  b,  and  c) ,  the  point  of  max¬ 
imum  AOAPWLij,  occurs  near  the  sonic  point.  This  indicates  that  maximum  noise 
reduction  is  obtained  at  the  highest  velocity  and  temperature,  provided  that 
the  jet  plume  is  shock  free. 

The  power  spectra  of  the  twin-round  jets  exhibit  interaction  noise  gen¬ 
eration,  mixing  suppression,  and  acoustic  shielding.  At  certain  test  con¬ 
ditions,  all  three  are  seen  to  occur  simultaneously  (in  different  parts  of 
the  spectrum).  The  discussion  of  this  data  first  considers  the  low  velocity 
(1000  fps)  case,  with  jet  spacing  and  jet  temperature  as  parameters.  A 
measure  of  the  amount  of  interaction  noise  generation  of  the  twin  jets  (with 
respect  to  the  sum  of  two  isolated  single  round  jets)  is  found  by  comparing 
the  twin-jet  ■  90°  data  to  the  single  +  3  dB  data  (solid  line),  as  shown  on 
Figures  5-34  through  5-39.  If  the  twin-jet  (^  -  90°)  data  are  above  the 
single  -I-  3  dB  data,  then  there  must  be  additional  noise  generated  by  the 
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Figure  5-31.  Power  Spectra  Comparison,  Twin  Round  Vs.  Single. 
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Figure  5-33,  Azimuthal  Difference  Power  Level 
Twin  Round. 


CENTER  FREQUENCY  (Hz)  1/3  OCTAVE  BAND  CENTER  FREQUENCY  (Hz) 


IAND  CENTER  FREQUENCY  (Hi)  1/3  OCTAVE  BAND  CENTER  FREQUENCY  (Hz) 
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interaction  of  the  two  jets.  If  the  twin  data  are  below  the  single  +  3  dB 
data,  then  there  is  a  noise  suppression  caused  by  the  interaction  of  the 
twin  round  jets.  At  the  closest  spacing  ratio,  s/d  =  1.33  (Figure  5-34a)  , 
noise  generation  occurs  only  at  high  frequencies  for  jet  temperatures  of 
1200°  R  and  below.  For  higher  temperatures  noise  generation  occurs  through¬ 
out  the  spectrum.  As  jet  spacing  is  increased  to  s/d  =  5 ,  see  Figures  (5-34b 
and  c) ,  the  noise  generation  is  reduced  until  it  exists  only  over  a  small 
frequency  range  near  the  peak  frequency.  Interaction  noise  generation  is 
significant  only  at  the  close  spacing,  but  acoustic  shielding  is  shown  at  all 
conditions.  Interpretation  of  what  constitutes  shielding  is  complicated  by 
the  presence  of  the  interaction  noise,  which  is  clearly  identified  only  in 
the  iJj  =  90°  plane.  Since  interaction  noise  at  =  0°  can  be  shielded  by  the 
adjacent  jet,  the  level  of  acoustic  shielding  shall  be  defined  as  the  differ¬ 
ence  between  the  twin  round  jet  acoustic  power  spectra  (APWL^)  at  ip  =  90° 
and  at  <p  =  0°.  The  interaction  noise  generation  in  some  cases  also  has  a 
directivity  such  that  more  than  a  3  dB  difference  between  the  twin  round  jet 
noise  in  the  i)/  =  90°  and  the  4/  =  0°  planes  occurs.  This  is  seen  at  a  jet 
temperature  of  1904°  R  on  Figure  5-34a.  Note  that  while  the  maximum  value  of 
APWLij,  is  not  a  strong  function  of  spacing,  the  frequency  of  the  onset  of 
shielding  is.  As  the  spacing  increases,  the  frequency  at  which  shielding 
starts  decreases.  This  observation  on  the  frequency  of  the  onset  of  shielding 
is  discussed  in  Section  5. 3. 2. 6.  There  is  no  evidence  of  significant  mixing 
suppression  at  any  of  the  jet  spacing  ratios  at  the  low  1000  fps  velocity 
conditions  (Figures  5-34a,  b,  and  c) . 

When  the  temperature  is  held  constant  at  TT  =  1200°  R  and  the  jet  veloc¬ 
ity  is  raised  to  1500  fps  and  above  (as  shown  on  Figures  5-35a  and  5-35b)  the 
interaction  noise  (seen  at  Vj  =  1000  fps)  disappears.  For  these  high  velocity 
conditions,  mixing  suppression  now  becomes  noticeable  in  the  low  to  middle 
frequencies.  The  acoustic  shielding  exhibits  the  same  frequency-spacing 
effect  as  seen  on  Figures  5-34a.  b,  and  c,  with  the  exception  of  the  super¬ 
critical  case  with  the  closest  spacing  (Figure  5-35a) .  For  these  closely 
spaced  twin  jets,  supercritical  flow  conditions  result  in  two  affects.  The 
first  is  the  appearance  of  shock-associated  noise  in  the  power  spectra. 

Second,  the  expansion  of  the  jets  immediately  downstream  of  the  nozzle  exit 
planes  tends  to  cause  the  jet  plumes  to  merge  prematurely  and  inhibit  the 
shielding. 

At  a  higher  temperature  (1700°  R) ,  the  s/d  =  1.33  data  (Figures  5-36a 
and  5-36b)  exhibit  the  most  complicated  behavior,  with  interaction  noise 
appearing  at  all  velocities  except  at  the  supercritical  conditions.  This 
interaction  noise  decreases  as  the  jet  spacing  is  increased,  as  shown  on 
Figures  5-37a,  5-37b,  5-38a,  and  5-38b.  At  the  intermediate  spacing  (Fig¬ 
ure  3— 37b) ,  some  slight  noise  generation  at  middle  and  high  frequencies  is 
evident,  as  well  as  suppression  at  the  low  frequencies.  For  the  largest 
spacing,  s/d  =  5  (Figures  5-38a,  5-38b,  5-39a,  and  5-39b) ,  very  little  sup¬ 
pression  is  noted  and  the  interaction  noise  is  concentrated  near  the  peak 
frequency.  Also,  for  the  s/d  =  5  case,  further  heating  of  the  jets  to 
Tt  =  1900°  R  (shown  on  Figures  5-39a  and  5-39b)  produces  a  slight  reduction 
in  the  levels  of  APWL^,,  at  the  lower  velocities,  when  compared  to  the  1700°  R 
data.  This  was  also  seen  in  the  AOAPWL^  comparisons  on  Figure  5- 34c  and 
discussed  earlier. 
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In  general,  it  seems  that  the  very  complicated  interaction  of  tempera¬ 
ture  and  velocity  on  the  observed  AOAPWL^  at  s/d  =  1.33  (Figure  5-33a)  is  due 
to  the  presence  of  interaction  noise  generation  and  acoustic  shielding  in 
roughly  equal  amounts,  as  evidenced  by  the  APWL^  results  shown  on  Figures 
5- 34a,  5-35a,  5-36a,  and  5-36b.  As  the  spacing  is  increased,  the  trends  are 
less  obscure,  and  at  s/d  =  2.67  a  large  reduction  in  noise  generation  is  seen, 
along  with  a  relatively  constant  amount  of  acoustic  shielding.  At  the  largest 
spacing,  s/d  =  5,  the  acoustic  shielding  is  the  only  dominant  affect,  with 
very  little  noise  generation  and  no  mixing  suppression.  This  dominance  of 
shielding  effects  provides  a  relatively  simple  variation  of  AOAPWL^  with 
velocity  and  temperature,  in  accordance  with  the  predictions  of  acoustic 
shielding  theory (17 , 35) . 


5. 3. 2. 6  Nozzle  Separation  and  Shielded  Frequen. y 

To  further  clarify  the  effect  of  nozzle  separation  s/d  on  the  far-field 
noise,  the  difference  power  spectra  (APWL^)  between  the  loud  and  the  quiet 
plane  of  the  twin  round  jets  is  shown  on  Figure  5-40.  Two  conclusions  can 
be  drawn  from  Figure  5-40.  First,  the  onset  of  shielding  begins  at  lower 
frequencies  for  the  larger  spacings.  Second,  the  shielding  quickly  reaches 
a  maximum  value  that  is  not  strongly  dependent  on  the  nozzle  spacing.  This 
behavior  is  believed  to  be  due  to  the  layer  of  slow  moving,  cooler  air  that 
exists  between  the  two  jet  plumes.  In  the  quiet  plane,  the  acoustic  waves 
from  the  far  jet  have  to  traverse  this  layered  flow  and  temperature  field, 
causing  reflection  of  the  incident  waves  by  the  velocity  and  temperature 
mismatches.  As  the  jet  nozzle  spacing  is  increased,  the  downstream  extent 
of  the  layer  increases.  This  downstream  extension  of  the  intermediate  layer 
with  nozzle  spacing  then  reduces  the  frequency  of  onset  of  shielding  shown  in 
Figure  5-40.  Another  interesting  aspect  of  this  phenomenon  is  the  effect  of 
the  angle  to  the  jet  axis  on  the  difference  in  sound  pressure  spectra  at  any 
fixed  nozzle  spacing.  Figure  5-41  shows  that  the  ASPL^  is  larger  at  the 
shallow  angles  to  the  jet  axis  and  that  the  onset  of  shielding  starts  at 
lower  frequencies  at  shallow  angles.  To  quantify  the  variation  of  shielding 
with  freque  y  and  nozzle  spacing,  the  identification  of  the  lowest  frequency 
fm  at  which  the  '.SPL.i,  equals  3  dB  is  defined.  The  variation  of  the  shield¬ 
ing  frequency  flt,  with  separation  distance,  as  determined  from  information 
such  as  that  on  Figure  5-41  shown  on  Figure  5-49.  Note  that  the  angle  at 
which  fn  occurs  varies  with  s/d  and  with  the  operating  conditions. 

The  rather  good  data  collapse  of  Figure  5-42  confirms  t_hat  the  parameter 
fm  is  largely  dependent  on  the  geometry  of  the  flow  field,  and  is  seen  to  be 
onlv  weakly  effected  by  the  jet  temperature  and  velocity,  for  subsonic  flows. 
The  angle  to  M.e  jet  axis,  60,  at  which  ASPL^  equals  3  dB  is  not  specified  on 
Figure  5-42  but  this  shielding  angle  does  increase  with  frequency,  as  can  be 
seen  on  Figure  5-43.  The  results  of  Figure  5-43  show  that  the  cone  of  shield¬ 
ing,  defined  by  the  half  angle  0o,  encompasses  more  of  the  radiation  field  at 
the  higher  frequencies.  The  effect  of  increased  spacing  is  to  extend  the 
onset  of  this  shielded  region  to  lower  frequencies. 
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Figure  5-40.  Azimuthal  Difference  Power  Spectra,  Twin  Round 
for  Various  Spacings. 
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Figure  5-42.  Frequency  of  Onset  Shielding,  f  Versus 
Nozzle  Spacing,  Twin-Round. 
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Figure  5-43.  Shielded  Angles  Versus  Frequency,  Twin-Round. 


To  quantify  this  effect  of  spacing  on  the  shielded  frequency  and  angle, 
a  simplified  analytical  model  of  the  situation  has  been  formulated.  A  dia¬ 
gram  defining  the  terms  and  geometry  is  shown  in  Figure  5-44. 

Several  assumptions  are  necessary  to  carry  out  the  analysis  of  this 
shielding  effect.  First,  the  far  jet  is  assumed  to  be  made  up  of  station¬ 
ary,  discrete,  single-frequency  radiators  arranged  on  the  jet  axis  such  that 
the  radiation  frequency  decreases  with  distance  from  the  nozzle  exit  plane. 
It  is  possible  to  use  a  more  realistic  model  of  the  jet  noise  radiation 
wherein  the  amplitude  of  a  given  frequency  is  assumed  to  be  a  distributed 
function  which  is  peaked  at  a  given  axial  location.  However,  this  distrib¬ 
uted  model  would  unduly  complicate  the  problem,  and  for  the  present  purpose 
is  not  considered  warranted.  Second,  the  near  jet  will  be  assumed  to  be 
locally  parallel  and  to  be  of  uniform  temperature  and  velocity  profile.  The 
jet  temperature  and  velocity  will,  however,  change  with  axial  distance. 

With  these  assumptions,  an  analysis  by  Yeh(102)  Df  the  acoustic  transmission 
through  a  layered  temperature  and  velocity  field  can  be  applied.  Consider 
the  acoustic  ray  which  has  been  emitted  from  the  far  jet  and  is  impinging  on 
the  near  jet.  Figure  5-45  illustrates  the  problem. 


Yeh's  result  considered  a  more  complicated  case,  but  for  the  situation 
here  the  amplitude  of  the  transmitted  wave  | T |  can  be  reduced  to; 
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This  result  is  identical  to  an  earlier  result  by  Rayleigh^03)  with  the 
exception  of  the  Vj  term  in  the  expression  for  8j  [equation  (367)].  Rayleigh 
solved  the  problem  of  acoustic  transmission  through  a  thermal  discontinuity 
in  a  still  medium.  A  more  convenient  form  of  relation  1  is. 
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The  inner  bracketed  term  is  independent  of  frequency,  and  its  parameter 
dependence  is 
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The  extremes  of  the  variation  of  sin^  with  <|^  are  between  0  and  1  with 
nodal  points  at  =  nir.  When  ^  *  (n  +  l/2)u,  sin^  =  1  and  the  fre¬ 
quency  is  such  that  minimum  transmission  occurs  and  | T J  is  given  by, 
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The  value  of  |t|  at  maximum  transmission  is  unity  so  the  frequency  depen¬ 
dence  has  the  effect  of  changing  the  value  of  |t|  from  2/T^  +  ^  to  unity 


every  time  the  frequency  causes  ^  to  go  from  (n+l/2)it  to  nit.  Figure  5-46 
illustrates  the  nature  of  the  change  in  |t|  at  ■  (n  +  1/2) it  with  incidence 
angle  0n  There  is  practically  complete  transmission  up  to  the  critical  angle, 
0C,  occurs  when  the  angle  0j  becomes  parallel  to  the  jet  direction,  0j  *  0. 
Then 
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Yeti' s  results  indicate  that  the  transmission  properties  of  the  moving 
nonturbulent  layer  can  be  approximated  quite  well  by  a  step  function  from 
unity  to  zero  at  the  critical  angle  0C.  The  layer  thickness  l  determines 
the  frequency  difference  between  the  nodes  and  antinodes,  and,  having  only 
a  small  effect,  can  be  neglected.  The  near  jet  can  now  be  considered  as  a 
shield  that  only  allows  passage  of  acoustic  rays  with  an  incidence  angle  0n 
greater  than  the  critical  angle,  0C.  The  ciritcal  angle  depends  on  the  local 
velocity  Vj  and  speed  of  sound  Cj,  which  are  varying  with  axial  distance. 
Since  the  transmission  properties  did  not  greatly  depend  on  the  layer  thick¬ 
ness,  the  values  of  the  centerline  velocity  and  temperature  were  used  to  pre¬ 
dict  the  variation  of  0C  [equation  (372)]  with  axial  distance  Xf,  as  shown  on 
Figure  5-47.  The  velocities  used  here  were  measured  by  Wang(98)  in  a  com¬ 
panion  investigation,  and  the  centerline  temperature  difference  from  ambient 
was  assumed  to  scale  as  the  square  of  the  centerline  velocity. 


To  demonstrate  the  utility  of  this  analysis,  two  features  that  were 
exhibited  by  the  data  on  Figures  5-40  and  5-41  are  examined.  The  first 
feature,  shown  on  Figure  5-40,  is  that  shielding  exhibits  a  rather  sharp 
"cut-on"  with  frequency,  and  this  "cut-on"  frequency  increases  as  the  nozzle 
spacing  decreases.  The  second  feature,  shown  on  Figure  5-41,  is  that,  for 
a  given  nozzle  spacing,  the  shielded  zone  becomes  wider  as  frequency  in¬ 
creases.  An  additional  aspect  seen  in  Figure  5-40  is  the  relative  indepen¬ 
dence  from  frequency  effects  exhibited  by  APWL^,  above  the  "cut-on"  frequency. 
This  particular  effect  is  expected,  but  the  presence  of  interaction  noise 
in  the  »  90°  plane  is  apparently  causing  AFWL,j,  to  reach  values  above  3  dB. 
The  first  two  observations  can  be  explained  if  one  accepts  the  premise  that 
the  higher  frequency  sources  reside  closer  to  the  nozzle  exit  and,  therefore, 
are  subject  to  more  effective  shielding  by  the  near  jet.  To  further  bring 
out  this  latter  observation,  the  observed  angle  of  shielding  0g  versus  fre¬ 
quency  shown  in  Figure  5-43  can  be  used  to  calculate  the  far  jet  angle  of 
shielding,  0n,  and  the  intersection  point  Xn,  by  assuming  an  axial  location 
of  source  frequencies,  f.  Referring  to  Figure  5-44,  the  necessary  relations 
are: 


R  sin  8 

.  o 

tan  8  ■  - - - - — 

n  R  cos  0q  -  X^ 


(373) 
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and 


0  =  tan 

n 


(374) 


The  source  frequencies,  f,  were  assumed  to  be  distributed  as, 

f  -  £0<x0/x)e 

with  6=1  for  x/d  <  7  and  6  =  2  for  x/d  >_  7. 

If  the  location  of  source  frequencies  is  reasonably  accurate,  then  it 
would  be  expected  that  the  data  should  collapse  on  a  0n  versus  Xn  plot,  pro¬ 
vided  that  the  two  jets  have  not  coalesced.  Negative  departure  of  the  data 
from  the  aggregate  can  be  used  as  an  indicator  of  jet  coalescence.  As  seen 
on  Figure  5-47,  the  data  indeed  does  collapse  rather  well  and  is  in  reason¬ 
able  agreement  with  the  critical  shielding  angle,  0C,  as  predicted  by  equa¬ 
tion  (372).  Complete  agreement  is  not  expected,  as  this  analysis  did  not 
consider  the  effects  of  turbulence  on  the  critical  angle.  The  effect  of  the 
turbulence  is  to  cause  a  statistical  variation  of  the  incidence  angle  between 
the  acoustic  wave  and  the  local  turbulent  eddy.  Norum(97)  found  that  this 
turbulence  effect  caused  a  smoothing  of  the  sharp  drop  of  ]t|  with  incidence 
angle  (as  seen  on  Figure  5-46)  such  that  |t|  does  not  reach  unity  above  0C. 
This  explains  why  the  far-field  data  points  on  Figure  5-47  are  showing  shield¬ 
ing  effects  at  angles  above  those  corresponding  to  the  critical  incidence 
angle.  Perhaps  the  most  important  result  of  this  analysis  and  comparison  is 
the  confirmation  of  the  proposed  shielding  mechanism  from  the  observation 
that  the  points  of  negative  departure  from  the  collapsed  data  are  occurring 
further  downstream  with  increased  separation  distance.  This  trend  is  exhib¬ 
ited  on  Figure  5-48  and  can  be  reasonably  represented  by  a  linear  increase 
with  nozzle  separation  distance. 


5.3.3  Summary 

At  the  beginning  of  this  section,  it  is  stated  that  the  reasons  for 
investigating  the  noise  properties  of  twin-jets  was  the  capability  for  sep¬ 
arately  defining  the  effects  of  acoustic  shielding  and  turbulent  mixing.  In 
this  regard,  these  experiments  have  been  very  succesful.  It  has  been  found 
by  using  a  wide  range  of  nozzle  spacings  that  the  turbulent  mixing  effect 
(both  interaction  noise  generation  and  mixing  suppression)  occur  for  the 
closely  spaced  nozzles.  While  acoustic  shielding  occurs  at  all  nozzle 
spacings,  it  is  more  significant  at  the  wide  nozzle  spacings.  An  important 
result  of  this  investigation  is  the  establishment  of  the  level  of  suppression 
that  is  possible  when  an  adjacent  jet  is  used  as  an  acoustic  shield.  These 
suppression  levels  are  sufficient  to  cause  a  nearly  complete  masking  of  the 
jet  noise  by  an  adjacent  jet  interposed  between  the  source  and  the  receiver. 
The  properties  of  the  observed  acoustic  shielding  were  also  found  to  follow 
the  trends  of  the  theories  of  Mani(17)  and  Balsav35)>  in  particular,  for  a 
given  spacing,  the  shielding  increased  as  the  observer  approached  the  jet 
axis,  increased  with  frequency,  and  was  dependent  on  jet  velocity  and  temper¬ 
ature. 
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Figure  5-48.  Acoustically  Merged  Distance  Versus  Twin-Round 
Nozzle  Spacing. 
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A  rather  unexpected  effect  was  the  strong  dependence  of  the  acoustic 
shielding  on  the  nozzle  spacing.  Data  available  at  the  start  of  the  pro¬ 
gram  gave  indications  that  only  small  variations  of  overall  power  (on  the 
order  of  1  to  2  dB)  would  occur,  and  these  would  be  concentrated  at  very 
low  nozzle  spacings.  While  this  conclusion  is  valid  at  low  velocities  with 
unheated  flow,  it  was  found,  as  a  result  of  this  program,  that  very  signifi¬ 
cant  differences  occur  in  different  azimuthal  planes;  and  additionally,  at 
high  temperatures  and  velocities,  the  overall  power  shows  significant  varia¬ 
tions.  In  a  quantitative  sense,  the  measured  difference  in  the  total 
acoustic  power,  as  measured  in  two  orthogonal  azimuthal  planes,  at  high 
velocity  and  temeprature  is  found  to  be  as  high  as  4.5  dB.  These  large 
azimuthal  differences  have  been  found  to  be  due  to  the  layer  of  cooler, 
slower  moving  air  that  exists  between  the  two  jet  plumes.  Acoustic  waves 
propagating  in  the  plane  of  the  nozzles  are  forced  to  traverse  velocity  and 
temperature  profiles  that  cause  refraction  and  reflection  of  the  acoustic 
energy.  For  close  nozzle  spacing,  this  inter-nozzle  layer  extends  only  a 
short  distance  and  therefore  only  a  small  shielding  effect  is  seen.  As  the 
nozzle  spacing  is  increased,  the  inter-nozzle  layer  extends  downstream,  and 
the  shielding  effect  increases.  This  observation  is  confirmed  by  estimating 
the  frequency  at  which  the  shielding  becomes  significant,  and  comparing  that 
frequency  to  the  nozzle  spacing.  The  result  shows  a  definite  lowering  of 
the  frequency  of  the  onset  of  shielding  with  increased  nozzle  spacing.  This 
would  be  expected  from  the  proposed  mechanism;  that  is,  as  the  nozzle  spacing 
increases,  the  inter-nozzle  shielding  layer  extends  further  downstream  and 
shields  the  lower-frequency  jet  noise  sources  that  exist  in  the  downstream 
portion  of  the  plume. 

Two  observed  aspects  of  this  proposed  acoustic  shielding  mechanism  have 
been  confirmed  with  the  aid  of  a  simplified  theoretical  model.  The  first 
feature  is  that  once  shielding  is  achieved  it  is  rather  independent  of  fre¬ 
quency;  and  second,  the  angle  of  the  onset  of  shielding  widens  for  the  higher 
frequencies. 

Increasing  the  jet  velocity,  at  all  nozzle  spacings  except  the  closest, 
was  found  to  increase  the  acoustic  shielding  for  subsonic  conditions.  How¬ 
ever,  increases  in  jet  velocity  above  the  critical  value  cause  a  slight 
decrease  in  shielding,  apparently  because  of  the  jet  supersonic  expansion 
downstream  of  the  nozzle  exit  plane.  Variations  in  the  jet  temperature  do 
not  produce  as  significant  acoustic  effects  as  do  variations  in  jet  velocity. 


— .  * 


5.4  TWIN  RECTANGULAR  JET  NOISE 


Twin  rectangular  jet  noise  experiments  were  conducted  concurrently  with 
the  twin  round  tests  described  in  Section  5.3.  Rectangular  nozzles  with  a  6 
to  1  aspect  ratio  and  with  a  flow  area  equal  to  that  of  the  round  nozzles 
were  used.  The  hardware,  shown  in  Figure  5-49,  allowed  both  variable  spacing 
and  angular  orientation.  Lip  thickness  of  the  nozzles,  as  seen  in  Figure 
5-49,  was  reduced  to  a  knife  edge  part  way  through  the  tests  with  no 
observable  effect  on  the  data.  The  test  methods,  range  of  conditions,  and 
test  apparatus  were  the  same  as  described  in  Section  5.2.1. 


5.4.1  Experimental  Results  and  Discussion 
5.4. 1.1  Overall  Acoustic  Power 


As  in  the  twin  round  jet  t  :sts  discussed  in  Section  5.3,  the  principal 
method  of  clarifying  the  roles  of  turbulent  mixing  and  acoustic  shielding  in 
twin  rectangular  jets  is  to  use  variable  nozzle  spacing  in  the  experiments. 

At  large  spacings,  the  turbulent  mixing  effects  are  minimal,  and  the  acoustic 
shielding  effects  dominate.  Conversely,  at  close  spacings,  the  turbulent 
mixing  effects  are  enhanced  and,  as  is  explained  later,  the  acoustic  shielding 
is  minimized.  The  twin  rectangular  jet  data  is  somewhat  more  complicated  to 
analyze  due  to  the  azimuthal  asymmetry  of  the  single  rectangular  nozzle,  as 
described  in  Section  5.2.  In  the  measurement  plane  containing  the  nozzle 
centerlines  (ip  =  0°),  the  acoustic  shielding  by  the  adjacent  jet  will  be  the 
greatest,  while  in  the  plane  perpendicular  to  the  plane  containing  the  nozzle 
centerlines  (i|i  =  90°),  only  the  self-shielding  of  the  individual  nozzles 
should  be  evident. 

The  shielding  by  the  adjacent  jet  is  shown  in  Figures  5-50  and  5-51, 
where  the  quiet  plane  (iJj  =  0°)  overall  acoustic  power  level,  OAPWL,  is 
consistently  less  (except  for  very  close  spacings)  than  the  sum  of  two 
independent  jets  (single  jet  +  3dB)  at  ip  =  0° . 

As  the  spacing  s  is  increased,  the  measured  OAPWL  in  the  quiet  plane 
decreases  until  s/t  exceeds  eight.  Above  this  value,  the  OAPWL  in  the  quiet 
plane  is  rather  insensitive  to  further  spacing  increases.  Some  exceptions  to 
this  general  behavior  do  occur  at  the  closest  spacing  where  an  entrainment- 
induced  flapping  mode  and/or  vortex-shedding  mechanism  creates  a  large  tone 
in  the  quiet  plane.  This  added  noise  raises  the  "quiet"  plane  (<p  =  0°)  level 
well  above  the  loud  plane,  as  shown  in  Figures  5-50  and  5-51. 

There  are  only  slight  azimuthal  differences  (seen  in  Figures  5-50  and 
5-51)  in  the  unheated,  low-velocity  points.  By  raising  the  temperature,  and 
hence  the  velocity,  at  a  constant  jet  Mach  number,  these  differences  become 
larger,  as  does  the  asymmetry  of  the  radiation  patterns.  This  trend  supports 
the  acoustic  shielding  arguments. 


r 


469 


gure  5-49.  Twin  Rectangular  Jets. 


Effect  of  Nozzle  Spacing  on  Acoustic  Power  of  Twin-Rectangular  Jets  at  M 


Figure  5-51.  Effect  of  Nozzle  Spacing  on  Acoustic  Power  of  Twin-Rectangular  Jets  at 


5. 4. 1.2  Azimuthal  Directivity 


The  effect  of  nozzle  spacing  on  the  change  in  OAPWL  as  measured  in 
different  azimuthal  planes  is  shown  in  Figure  5-52.  The  effect  can  be  visu¬ 
alized  as  the  near  jet  casting  an  "acoustic  shadow."  At  close  spacing  (s/t  ■> 
4.9),  the  shadow  is  broad;  as  the  spacing  is  increased,  the  shadow  becomes 
smaller.  Increases  in  spacing  beyond  a  certain  point  cause  a  narrowing  of 
the  shadow  without  any  further  increase  in  the  OAPWL  difference. 


5. 4. 1.3  Polar  Directivity 

Shielding  theory,  as  described  by  Mani^*^  and  Balsa^35\  predicts  an 
increasing  reduction  in  the  sound  radiation  of  embedded  sources  as  the 
observer  approaches  the  jet  axis;  this  is  due  to  the  long  propagation  path 
through  the  jet  flow  at  shallow  angles.  Likewise,  it  would  be  expected  that 
the  radiation  of  nonembedded  sources,  such  as  those  from  an  adjacent  jet 
which  traverse  an  adjacent  jet,  would  suffer  a  similar  reduction  as  the 
observer  approaches  the  jet  axis.  Figure  5-53  illustrates  this  effect  clearly, 
showing  an  increasing  reduction  in  the  twin  jet  "quiet"  plane  (ip  =  0°)  noise 
relative  to  the  noise  of  two  isolated  jets  (at  <p  =  0°),  as  the  jet  axis  is 
approached. 

The  comparison  (Figure  5-53)  of  the  single  +  3  dB  results  in  the  <J>  =  90° 
plane  to  the  twin  jet  data  results  in  the  90°  plane  shows  that  the  inter¬ 
action  of  the  twin  jets  produces  additional  noise  over  most  of  the  emission 
angles.  The  asymmetry  of  the  single  rectangular  jet  noise  field  is  also 
evident  in  Figure  5-53,  as  discussed  in  Section  5.2. 


5. 4. 1.4  Spectral  Effects 

It  is  of  interest  to  evaluate  which  part  of  the  jet  noise  spectrum  is 
primarily  responsible  for  the  asymmetries  of  the  overall  measurements  just 
examined.  The  shielding  theories  of  Mani  and  Balsa  indicate  that  the  shield¬ 
ing  effects  become  pronounced  at  high  frequency.  The  shielding  of  the  far 
jet  by  the  near  jet  can  be  seen  in  Figure  5-54.  The  presence  of  mixing 
suppression  can  be  determined  by  comparing  twin  jet  data  with  the  single  +  3  dB 
data  in  the  ij/  =  90°  plane.  At  low  frequencies  (Figure  5-54),  a  small  amount 
of  mixing  suppression  can  be  noted.  For  nearly  identical  flow  conditions  and 
the  same  nozzle  spacing  (s  =  4  in.),  the  twin  round  jet  conf iguration  exhibits 
a  larger  shielding  effect  at  ij/  =  0°  (Figure  5-31).  Part  of  this  is  due  to 
the  self-shielding  of  the  rectangular  jets  which  at  high  frequency  counter¬ 
balances  the  adjacent  jet  shielding  effect. 

The  sound  pressure  spectra,  SPL,  for  the  twin  rectangular  nozzles  at 
0  =  30°,  60°,  and  90°  are  shown  in  Figures  5-55a,  5-55b,  and  5-55c.  The 
trends  are  consistent  with  0ASPL  and  PWL  results,  with  the  shallow-angle, 
high  frequency  data  showing  the  largest  amounts  of  shielding.  This  high 
frequency  acoustic  shielding  is  measured  by  the  difference  between  the  single 


Figure  5-52.  Change  in  Acoustic  Power  with  Azimuthal  Angle 
Twin-Rectangular  Jets. 
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gure  5-53.  Directivity  Comparison,  Twin- Rectangular  Versus  Single. 


OCTAVE  BAND  CENTER  FREQUENCY  (Hz) 


+  3  dB  and  twin- jet  data  at  p  =  0°  ,  and  is  seen  to  increase  as  the  angle  to 
the  jet  axis  decreases.  Both  mixing  suppression  and  interaction  noise  genera¬ 
tion  appear  at  0  =  30°,  while  interaction  noise  only  shows  up  at  0  =  60°  and 
90°.  Interaction  noise  occurs  when  the  twin-jet  noise  level  is  higher  than 
the  single  +  3  dB  level  in  the  P  =  90°  plane. 


5. 4. 1.5  Velocity  and  Temperature  Effects 
5. 4. 1.5.1  Overall  Power 

The  variation  of  AOAPWL^,  for  the  twin  rectangular  jets,  as  seen  in 
Figure  5-56,  correlates  well  with  jet  nozzle  Mach  number,  Mj,  for  a  variety 
of  jet  temperatures.  This  is  unlike  the  twin  round  case,  where  jet  velocity 
provides  a  better  data  collapse.  For  both  nozzle  spacings,  the  general  trend 
of  the  AOAPWL|jt  data  (within  experimental  error)  shows  a  moderate  increase 
with  Mach  number  until  Mj  exceeds  unity,  and  then  shows  a  rather  sharp  decrease. 
This  decrease  is  more  pronounced  at  the  closer  spacing  (s/t  =  4.86).  In 
general,  the  level  of  AOAPWLq  for  the  large  spacing  (s/t  =  13.89)  is  about 
0.5  dB  higher  than  the  closely  spaced  jets.  Again  (as  with  the  twin  round 
jets)  the  decrease  in  AOAPWLq  above  Mj  =  1  is  apparently  due  to  the  presence 
of  the  underexpanded  shock  structure  immediate ’y  downstream  of  the  jet  exit 
planes.  The  effect  of  jet  temperature  is  small,  and  seems  to  have  a  signifi¬ 
cant  effect  only  above  the  sonic  point.  This  holds  only  for  heated  jets, 
since  the  unheated  data  show  very  little  azimuthal  effects. 

The  twin  rectangular  jet  noise  data  interpretation  is  complicated  by  the 
asymmetry  of  the  single  rectangular  jet  noise  (described  in  Section  5.2). 

Due  to  this  azimuthal  asymmetry,  it  is  necessary  to  evaluate  the  difference 
between  the  sum  of  two  isolated  single  rectangular  jets  at  if)  =  0°  and  the 
twin  rectangular  jet  at  <j>  =  0°  (AOAPWLq)  rather  than  to  find  the  difference 
between  the  loud  (ip  =  90°)  and  quiet  (p  =  0°)  planes  of  the  twin  jet,  as  was 
done  in  Figures  5-56a  and  5-56b.  The  parameter  AOAPWLq  was  determined  from 
data  which  were  taken  weeks  apart  in  time,  and  therefore  contain  somewhat 
larger  experimental  variance  than  the  AOAPWLq  data.  Due  to  this  unavoidable 
variance,  only  limited  data  are  shown  in  Figure  5-57,  (data  sets  that  were  not 
closely  matched  in  temperature  and  velocity  were  eliminated).  As  in  the 
AOAPWLij;  comparisons,  the  most  consistent  feature  of  this  data  is  the  decrease 
in  AOAPWLo  with  Mach  number  when  the  flow  is  supercritical  (Mj>l).  This  is 
also  observed  on  some  of  the  twin  round  jet  data  (Section  5.3),  particularly 
at  the  higher  temperatures. 


5.4. 1.5. 2  Power  Spectra 

An  example  of  the  complications  resulting  from  the  asymmetry  of  the 
single  rectangular  jet  noise  field  can  be  seen  in  Figure  5-54,  where  twin- 
rectangular  jet  noise  and  the  single  +  3  dB  noise  are  compared  at  both  p  *  0° 
and  p  =  90°.  At  p  =  0°,  acoustic  shielding  is  seen  to  occur  over  the  middle 
to  high  frequencies.  In  order  to  draw  conclusions  about  the  if)  *  90°  plane, 
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Figure  5-56.  Azimuthal  Difference  Power  Level.  Tw in- Ructangul ar . 


AOAPWU  Aoapwl 


(h)  S/t  »  13 . 89 


Figure  5-57.  Power  Difference  at  Y  =  0°,  Single  Plus 
3  dB  Less  Twin  Rectangular. 


the  twin  rectangular  data  must  be  compared  to  the  single  rectangular  data  as 
measured  in  the  tp  =  90°  plane.  Since  the  twin  data  are  below  the  single  data 
at  low  frequencies  and  above  at  middle  and  high  frequencies,  it  is  con¬ 
cluded  that  a  slight  amount  of  suppression  occurs  at  low  frequencies,  and  a 
significant  amount  of  interaction  noise  generation  occurs  at  middle  to  high 
f  requencies. 

The  reduction  of  noise  emission  in  the  ij>  =  90°  plane  due  to  self-shielding 
causes  the  noise  in  the  ip  =  90°  plane  to  decrease  faster  with  frequency  than 
in  the  \p  =  0°  plane.  In  some  cases  (at  low  velocity  and  high  temperature) 
the  41  =  90°  twin  rectangular  jet  noise  crosses  over  and  is  lower  than  the 
\p  -  0°  data  at  high  frequencies.  This  cross-over  can  be  seen  In  Figure  5-58. 

The  cross-over  generally  occurs  at  lower  frequencies,  at  least  at  the  larger 
spacing,  as  shown  in  Figures  5-59  through  5-61.  A  shift  of  the  APWL,j,  spectrum 
to  lower  frequencies  with  increased  spacing  is  evident  throughout  the  range 
of  velocities  and  temperatures  investigated;  an  example  of  which  is  shown  in 
Figure  5-62. 

At  low  frequencies  (below  the  frequency  of  peak  intensity)  the  azimuthal 
asymmetry  of  the  single  rectangular  jet  noise  is  sufficiently  small  that 
data  taken  in  the  if;  =  0°  plane  can  be  used  to  determine  the  mixing  suppres¬ 
sion  of  the  twin  rectangular  jets  seen  in  the  ip  =  90°  plane.  Using  this 
approximation,  significant  amounts  of  low  frequency  suppression  are  observed 
at  the  smaller  spacing  (s/t  =  4.86)  as  velocity  is  increased  (Figures  5-59, 
5-60a,  and  5-61a).  This  suppression  is  not  found  with  the  larger  spacing 
(s/t  =  13.9),  as  would  be  expected  (see  Figures  5-60b  and  5-61b).  For  this 
large  spacing,  a  low-  to  middle-frequency  interaction  noise  peak  appears  at 
high  temperatures  and  velocities.  This  emergence  of  the  interaction  noise 
peak  then  causes  a  double  peak  in  the  \p  =  90°  data  for  the  large  spacing 
(Figures  5-60b  and  5-61b).  The  higher  frequency  peak  is  coincident  with  peaks 
seen  in  the  <jj  =  0°  measurements  of  both  the  twin  and  single  rectangular  jets. 

The  lower  frequency  peak  (dominant  at  the  lower  velocities),  maintains  its 
spectral  location  over  a  wide  range  of  velocities  and  pressures  (see  Figures 
5-58b,  5-60b,  and  5-61b).  This  low  frequency  peak  may  be  due  to  the  coalescence 
of  the  two  jets  at  lower  velocity  levels  for  the  large  spacing.  This  low- 
frequency  peak  also  shows  up  at  an  intermediate  spacing,  s/t  =  7.4  (Figure 
5-55a),  but  only  at  shallow  angles  to  the  jet  axis. 


5.4. 1.6  Nozzle  Separation  and  Shielded  Frequency 

Due  to  the  asymmetry  of  the  single  rectangular  jet  noise  radiation 
patterns  (Section  5.2),  it  is  difficult  to  carry  out  the  type  of  data  analysis 
conducted  for  the  twin  round  nozzle  jet  noise.  The  twin  rectangular  jet 
noise  data  does,  however,  exhibit  similar  trends,  as  shown  in  Figure  5-62. 

The  difference  power  spectra  again  exhibits  a  trend  toward  lower  frequency 
emergence  with  increasing  separation  distance.  For  this  comparison  to  be 
exact,  the  twin-jet  data  in  the  quiet  plane  \p  =  0°  must  be  compared  to  the 
single-jet  data  in  the  quiet  plane.  This  difference  spectrum,  APWLq,  however, 
compares  data  taken  days  to  weeks  apart,  and  therefore  has  much  more  scatter 
than  the  APVfL^  data  taken  only  minutes  apart.  This  increased  scatter  can  be 
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Figure  5-59.  Twin  Rectangular  Power  Spectra,  T.  %  1200°  R,  S/t 
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Figure  5-62.  Azimuthal  Difference  Power  Spectra, 

Twin  Rectangular  for  Various  Spacings. 
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seen  on  the  ASPLq  comparison  shown  in  Figure  5-63.  At  high  frequencies,  the 
data  trends  exhibited  by  the  twin  rectangular  jet  in  Figure  5-63  are  in  good 
agreement  with  those  of  the  twin  round  jet  data  in  Figure  5-41. 


5.5  LINEAR  ARRAY  MULTITUBE  JET  NOISE 


The  acoustic  characteristics  of  three  5-tube  linear  array  nozzles  were 
measured  in  the  CR&DC  jet  noise  facility  using  the  facility  measurement 
systems  and  data  acquisition  equipment  described  in  Section  3.1.  The  purpose 
of  these  tests  was  to  extend  the  twin-jet  results  of  Section  5.3  to  multitube 
configurations.  A  linear  array  of  5  round  tubes  (d  =  0.875  inch  diameter) 
was  selected  as  the  simplest  configuration  which  would  involve  multielement 
interaction  effects.  This  configuration  also  has  application  to  multiengine 
aircraft  installation  systems.  Tube  spacing-to-diameter  ratios  of  s/d  =  1.5, 
2.0,  and  3.0  were  selected  for  evaluation. 


5.5.1  Overall  Acoustic  Power 

The  overall  acoustic  power  of  a  five-jet  linear  array  at  various  spacings  is 
compared  to  an  equivalent  area  single  round  jet  in  Figure  5-64.  Hidden  in 
this  total  power  is  the  azimuthal  variation  of  acoustic  power.  To  illustrate 
the  azimuthal  dependence  of  the  acoustic  power,  two  azimuthal  planes,  one  in 
line  with  the  tube  row  (tp  =  90°),  and  another  perpendicular  to  it  (t|>  =  0°), 
are  examined.  These  measurement  planes  provide  a  means  of  assessing  the 
relative  contributions  of  acoustic  shielding,  mixing  suppression,  and  inter¬ 
action  noise.  The  amount  of  acoustic  shielding  is  evaluated  from  the  reduc¬ 
tion  in  the  "quiet  plane"  (ip  =  90°)  noise  level  relative  to  an  equivalent 
area  round  jet.  Mixing  suppression  is  measured  by  the  amount  of  reduction  in 
the  "loud  plane"  (ip  =  0°)  relative  to  an  equivalent  area  round  jet.  Inter¬ 
action  noise  is  determined  from  the  increase  in  "loud  plane"  noise.  Figure 
5-65  shows  little  or  no  attenuation  on  an  overall  power  basis.  Acoustic 
shielding  increases  with  tube  spacing.  Interaction  noise  appears  in  the  loud 
plane  (tp  =  0°),  but  as  seen  in  Figure  5-65,  the  azimuthal  average  is  within 
±2dB  of  the  sum  of  five  isolated  round  jets. 

This  excess  noise  increases  with  tube  spacing,  which,  when  combined  with 
the  shielding  in  the  ip  =  0°  plane,  results  in  rather  large  differences  in  the 
overall  power  from  »P  =  0°  to  \p  =  90°.  In  some  cases  these  differences  (up  to 
10  dB)  exceed  the  maximum  difference  possible  based  only  on  perfect  shielding 
(7  dB).  This  is  because  excess  noise  appears  in  the  ^  *  0°  plane. 

This  power  difference  between  ij;  =  0°  and  =  90°,  AOAPWL^,  is  shown  on 
Figure  5-66.  In  this  figure,  the  effect  of  jet  velocity,  Vj,  and  jet  tempera¬ 
ture,  Tj,  are  shown  for  a  fixed  jet  spacing.  On  Figure  5-66a,  the  variation 
with  jet  temperature  at  high  velocity  indicates  that  as  the  jet  Mach  number 
Increases  above  the  critical,  the  noise  field  becomes  more  axisymmetric. 

Figures  5-66b  and  5-66c  show  that  the  AOAPWL^,  is  maximum  near  the  sonic 
point;  the  only  effect  of  temperature  is  to  vary  the  jet  sonic  velocity. 

This  maximum  may  be  associated  with  the  downstream  supersonic  expansion  of 
the  jets,  which  restricts  the  amount  of  ambient  air  separating  them.  The 
ambient  air  separating  the  individual  jets  provides  an  effective  acoustic 
shield.  The  difference  between  the  power  (A0APWLo)  of  an  equivalent  area 
round  jet  and  that  measured  in  the  "quiet"  (i|i  =  90°),  plane  of  the  linear 
array  exhibits  a  slightly  different  trend,  as  seen  on  Figure  5-67.  At 
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Figure  5-66.  Effect  of  Velocity  on  Azimuthal  Power  Difference. 
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the  lowest  nozzle  spacing,  s/d  =  1.5,  the  maximum  near  the  sonic  point 
does  not  occur  for  the  highest  temperature;  and  at  s/d  =  2,  the  general  trend 
is  a  gradual  increase  in  A0APWLo  with  jet  velocity.  Only  at  the  largest 
spacing,  s/d  =  3,  does  the  pattern  seen  for  AOAPWLij)  repeat  for  AOAPWLo- 
The  principal  difference  between  AOAPWL,j,  and  AOAPWLo  is  the  excess  noise 
that  appears  in  the  =  0°  plane.  The  major  portion  of  this  excess  noise  in 
the  ip  =  0°  plane  is  probably  noise  reflected  out  of  the  (ip  =  90°)  plane, 
which  would  be  expected  to  peak  at  conditions  of  maximum  inter jet  shielding. 
This  is  approximately  what  is  observed  in  the  difference  between  the  AOAPWL^ 
and  AOAPWLq  trends. 


5.5.2  Azimuthal  and  Polar  Directivity 

The  extent  of  the  azimuthal  asymmetry  can  be  seen  in  Figure  5-68,  where 
the  SPL  at  the  peak  angle  and  frequency  is  seen  to  vary  by  as  much  as  13  dB 
with  azimuthal  angle,  i|>;  it  is  also  strongly  dependent  on  spacing  ratio, 
s/d.  Since  this  level  of  asymmetry  is  greater  than  perfect  shielding  would 
predict,  a  portion  of  this  asymmetry  may  be  due  to  excess  noise  appearing  in 
the  U>  =  0°  plane.  Referring  to  Figure  5-65b,  it  can  be  seen  (for  the  condi¬ 
tions  of  Figure  5-68)  that  there  is  a  redistribution  of  acoustic  energy  such 
that  the  azimuthally  averaged  power  is  almost  identical  to  that  of  five 
isolated  single  jets.  Since,  for  most  of  these  cases,  the  azimuthally 
averaged  overall  power  rarely  exceeds  that  of  five  isolated  jets,  it  is 
conjectured  that  the  excess  noise  seen  in  the  =  0°  plane  is  energy  re¬ 
directed  by  the  jets  originally  propagating  in  the  =  0°  plane.  Due  to  the 
transmission  through  the  jet  flow,  the  incident  energy  is  refracted  or 
scattered  to  other  azimuthal  angles. 

If  shielding  is  the  governing  phenomenon,  one  expects  to  see  a  minimum 
value  of  asymmetry  occur  at  Oj  =  90°  when  the  jet  flow  is  unheated.  The 
asymmetry  should  vanish  at  0]  =  90°.  Due  to  turbulence,  however,  the 
velocity  vector  can  vary  from  the  axial  direction,  causing  some  acoustic 
shielding  to  occur  for  unheated  flows  at  Oj  =  90°.  The  observed  azimuthal 
asymmetry  in  OASPL  essentially  vanishes  at  0j  =  90°,  as  shown  in  Figure  5-69, 
indicating  that  these  turbulence  effects  are  negligible.  The  asymmetry  is 
seen  to  peak  in  the  shallow  angles,  as  expected  from  the  shielding  theory. 

For  a  heated  jet,  however,  acoustic  shielding  occurs  at  0j  =  90°,  as  shown 
in  Figure  3-70. 


5.3.1  Power  and  Pressure  Spectra 

The  power  spectra  results  shown  in  Figure  5-70  indicate  that  the  maximum 
reduction  in  noise  in  the  v  =  90°  plane  and  the  maximum  excess  noise  in  the 
.  =  0°  plane  both  occur  at  high  frequency.  This  observation  supports  the 
conjecture  that  the  excess  energy  found  in  the  i>  =  0°  plane  is  due  primarily 
to  refraction  and  scattering  of  the  incident  acoustic  energy  by  the  jets  in 
the  ,  =  90°  plane.  Examination  of  the  sound  pressure  spectra  shown  in 
Figure  5-71  reveals  that  the  noise  in  the  if  =  0°  plane  exceeds  the  (single 
+7  dB)  results  only  at  the  shallow  angles,  while  the  noise  reduction  in  the 
*  =  90n  plane  occurs  at  all  three  angles. 
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Figure  5-68.  Five-Jet  Linear  Array,  Azimuthal  Directivity,  re  i|i  =  0 
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Figure  5-70.  Linear  Array,  Power  Spectra  and  Directivity 
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For  the  smallest  jet  spacing,  s/d  =  1.5,  low  frequency  excess  noise  is 
observed  (which  may  be  due  to  a  mixing  phenomenon),  as  shown  in  Figure  5- 
72a.  This  does  not  occur  at  the  larger  spacings  (Figures  5-72b  and  5-72c). 
Additional  power  spectra  are  shown  in  Figure  5-73,  which  show  the  effects  of 
spacing  at  two  jet  velocities.  Comparisons  of  the  SPL  spectra  at  i|>  =  0°  and 
ip  =  90°  for  0j  =  30°,  60°,  and  90°  (as  shown  in  Figure  5-74)  indicate  that 
this  low  frequency  excess  noise  is  asymmetric. 

5.5.4  Summary 

The  principal  feature  of  multijet  linear  arrays  is  the  very  large 
azimuthal  directivity.  Acoustic  shieldings  of  the  quiet  plane  (i|j  =  90°), 
and  excess  noise  appearing  in  the  loud  plane  (ip  =  0°)  are  responsible  for 
this  feature.  Some  interchange  of  energy  between  the  two  planes  takes 
place,  since,  for  most  of  the  data,  the  azimuthally  averaged  results  are 
nearly  identical  to  the  single  +7dB  results,  indicating  a  rough  conservation 
of  acoustic  energy.  A  low  frequency  excess  energy  is  also  observed  at 
shallow  angles  to  the  jet  axis,  with  the  closest  nozzle  spacing.  This 
excess  noise  is  thought  to  be  due  to  a  mixing  phenomenon. 
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5.6  CIRCULAR  ARRAY  MULTITUBE  JET  NOISE 


The  acoustic  characteristics  of  several  six-  and  seven-tube  cluster, 
circular-array  nozzles  were  measured  in  the  CR&DC  jet  noise  facility.  The 
purpose  of  these  tests  was  to  experimentally  study  the  mixing/interference 
and  acoustic  shielding  mechanisms  and  their  effect  on  multielement  nozzle  jet 
noise.  A  hexagonal  ring  of  six  round  tubes  (d  =  0.875  inch  diameter),  with 
and  without  a  center  tube,  was  selected  for  study.  Denoting  D  as  the  diameter 
of  the  circle  intersecting  the  centerlines  of  each  of  the  tubes  in  the  ring, 
spacing  ratios  D/d  of  3.0,  4.0,  and  6.0  were  investigated.  The  following 
paragraphs  summarize  the  important  experimental  results  obtained  from  this 
investigation. 


5.6.1  Overall  Acoustic  Power 

When  either  six-tube  or  seven-tube  clusters  are  compared  to  a  single  jet 
on  an  equal  area  basis,  a  net  reduction  in  overall  acoustic  power  level 
(OAPWL)  is  observed.  The  amount  of  this  reduction  depends  on  the  area  ratio 
(tube  spacing),  and  increases  with  jet  velocity  as  shown  in  Figures  5-75, 

5-76,  and  5-77.  The  total  power  level  approaches  the  sum  of  the  isolated 
jets  as  tube  spacing  increases,  and  the  maximum  suppression  (at  high  velocity) 
is  reduced  from  about  4  dB  for  the  smallest  cluster  to  about  2  dB  for  the 
largest  cluster. 

The  effect  of  heating  (density  ratio)  is  normalized  out  in  Figures  5-75 
through  5-77  through  the  use  of  the  method  of  Hoch,  et  al. as  developed 
for  single  round  jets.  The  density  exponent,  w,  was  also  found  directly 
(similar  to  Hoch,  et  al.)  by  plotting  overall  power  versus  density  ratio  at  a 
fixed  velocity  ratio,  Vj/aD.  This  result  is  shown  on  Figure  5-78,  where  the 
results  of  this  study  are  compared  to  Hoch's  result.  As  the  cluster  spacing 
becomes  smaller,  the  density  exponent  w  exhibits  a  less  rapid  rise  with 
velocity  ratio.  This  indicates  that  the  smaller  clusters  produce  more  noise 
at  high  temperatures  and  low  velocities  than  do  the  large  clusters.  There¬ 
fore  at  a  moderately  high  fixed  velocity,  the  noise  reduction  afforded  by 
reducing  jet  density,  through  heating  for  instance,  is  less  with  a  highly 
packed  cluster  than  with  an  open  one. 

At  a  fixed  jet  temperature,  the  velocity  exponent  can  be  determined  in  a 
similar  manner  to  the  density  exponent,  and  the  results  (Figure  5-79) 
show  that  the  large  spacing  cluster  behaves  much  like  the  elemental  single 
jet.  Again,  the  small  spacing  cluster  shows  the  lowest  velocity  exponent. 
These  trends  of  velocity  exponent  are  also  reflected  by  the  dependence  on  D/d 
shown  on  Figures  5-80,  5-81,  and  5-82  where  the  power  levels  increase  with 
D/d  for  all  but  the  lowest  jet  velocities. 


5.6.2  Directivity 

Azimuthal  directivity  effects  for  all  the  clusters  are  quite  small, 
particularly  at  the  large  spacing,  where  a  nearly  axisymmetric  noise  field  is 
observed  for  both  the  six-  and  seven-tube  clusters  (Figures  5-83  and  5-84). 
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The  medium  cluster  shows  a  decreasing  power  level  as  the  observer's  line  of 
sight  approaches  a  direction  defined  by  diametrically  opposite  tube  center- 
lines.  This  dip  occurs  for  both  six-  and  seven-tube  clusters  at  both  sub¬ 
sonic  and  supersonic  conditions,  with  the  effect  weakening  at  the  supersonic 
conditions.  For  the  smallest  spacing,  only  the  six-tube  cluster  shows  any 
significant  aximuthal  dependence,  and  then  only  at  subsonic  conditions. 

There  is  a  middle  range  of  tube  spacing  conditions.  There  is  a  middle  range 
of  tube  spacing  where  a  small  azimuthal  dependence  is  observed  but  the 
spacing  is  effectively  reduced  when  the  flow  is  underexpanded  and  the  azimuthal 
effect  weakens.  Both  of  these  trends  are  seen  clearly  on  Figure  5-85  where 
a  definite  peaking  of  the  AOAPWL  is  seen  at  D/d  =  4,  at  high  subsonic  velocity. 

The  polar  OASPL  directivities  of  the  two  azimuthal  angles  are  compared 
on  Figure  5-86  using  the  tube  spacing  and  flow  conditions  of  maximum  AOAPWL^,. 
The  individual  directivities  peak  near  0j  =  40°,  and  the  difference  is  a 
maximum  near  0  =  60°.  This  difference  in  OASPL  at  0j  =  60°,  seen  in  Figure 
5-86,  shows  up  in  the  SPL  spectra  near  the  frequency  of  peak  intensity,  as 
seen  in  Figure  5-87,  with  very  little  difference  at  the  low  frequencies. 


5.6.3  Power  and  Pressure  Spectra 

The  primary  variations  in  power  and  pressure  spectra  occur  at  frequencies 
less  than  the  peak  intensity  frequency.  Figures  5-88  through  5-91  show  this 
by  comparing  the  power  spectra  of  the  three  clusters  (for  both  six-  and 
seven-tube  versions)  to  that  of  the  elemental  single  jet.  When  compared  to 
the  sum  of  isolated  jets,  only  the  closest  tube  spacing  shows  any  high 
frequency  reduction,  and  only  at  supersonic  conditions  (Figures  5-90  and  5-91). 
Attenuation  does  however,  occur,  at  frequencies  just  below  the  peak  intensity, 
and  this  attenuation  increases  as  the  tube  spacing  becomes  smaller.  At  lower 
frequencies  (4  to  5  oct.ives  lower  than  the  peak),  excess  noise  generation 
occurs,  and  it  increases  as  the  tube  spacing  decreases.  This  excess  noise  is 
enhanced  with  seven  tubes  and  witii  underexpanded  (supersonic)  flow.  These 
characteristics  point  to  an  interaction  of  the  individual  tube  flows  that 
increases  a:  the  cluster  becomes  more  closely  packed  and  as  the  individual 
jet  plumes  swell  due  to  an  underexpanded  flow  condition.  The  frequency  of 
the  excess  noise  is  very  low,  indicating  that  the  excess  noise  source 
location  is  quite  far  downstream.  As  the  cluster  becomes  more  closely 
packed,  the  merging  of  the  individual  tube  flows  occurs  earlier,  and  the 
frequency  of  the  excess  noise  increases,  as  can  be  een  in  Figures  5-88 
through  5-91.  Both  the  mid  frequency  attenuation  and  the  low  frequency 
excess  noise  peak  are  greatest  at  shallow  angles  to  the  jet  axis  (shown  in 
Figure  5-92  for  the  six-tube  clusters  and  Figure  5-93  for  the  seven-tube 
clusters).  The  strongest  excess  nuisi  generation  occurs  when  attenuation 
is  greatest. 

High  frequency  reduction  is  evident  only  with  the  six-  and  seven-tube 
small  cluster  at  high  subsonic  and  supersonic  conditions.  An  example  of  this 
high  frequency  suppression  is  seen  at  an  angle  to  the  jet  axes  of  9j  =  60° 
on  Figures  5-92b  and  5-93b. 
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Spectra,  Effect  of  Spacing,  6-Tube,  Subsonic 


F 

i 


To  determine  the  effect  of  jet  temperature  on  low  frequency  noise,  the 
SPL  spectra  at  0j  =  30°  for  the  small  cluster  is  compared  to  that  of  an 
equivalent  area  single  round  jet.  This  has  been  done  at  several  velocities 
and  jet  temperatures  on  Figures  5-94  and  5-95.  In  general,  the  jet  temperature 
has  very  little  effect.  For  the  case  of  Vj  =  1000  fps  (Figures  5-94,  5- 95a, 
and  5-96a) ,  raising  the  jet  temperature  from  ambient  to  1600°  R  had  remarkably 
little  effect  on  the  low  frequency  excess  noise.  The  velocity  is  clearly  the 
dominant  influence  (a  steady  increase  in  the  amount  of  excess  low  frequency 
noise  occurs  with  increasing  velocity  on  Figures  5-95  and  Figure  5-96d) . 

5.6.4  Summary 

The  results  of  this  investigation  show  that  the  noise  reduction  attained 
by  heating  a  high  velocity  flow  is  reduced  as  the  cluster  becomes  more  compact. 

Azimuthal  directivity  effects  were  found  to  be  quite  small,  with  the 
largest  measured  difference  in  OASPL  only  ~  2.5  dB.  Acoustic  shielding  does 
not  appear  to  produce  very  significant  effects  with  six-  and  seven-tube 
circular  clusters. 

The  most  dramatic  changes  occur  at  frequencies  below  the  peak  intensity, 
and  exhibited  a  very  consistent  trend  with  frequency  and  with  tube  spacing. 

At  low  frequencies,  the  tightly  packed  clusters  produce  large  amounts  of 
excess  noise.  At  higher  frequencies  (still  below  the  peak)  significant 
attenuation  occurred  for  the  most  tightly  packed  clusters.  The  low  frequency 
excess  noise  is  also  relatively  independent  of  jet  temperature,  and  increases 
with  jet  velocity. 
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Figure  5-96.  SPL  Spectra,  6-Tube,  D/d  ■  3. 
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5.7  LASER  VELOCIMETER  MEASUREMENTS 


5.7.1  Calibration  of  the  LV  System 

The  laser  velocimeter  (LV)  system  described  in  Section  3.4  was  checked 
against  well-documented,  hot-wire  measurements  obtained  in  a  Mach  0.3  sub¬ 
sonic  jet  exhaust.  The  calibration  flow  used  was  a  19.05  mm  diameter  room 
temperature  air  jet.  LV  measurements  of  mean  velocity  and  turbulence  inten¬ 
sity  in  both  radial  and  axial  directions  were  obtained  and  are  shown  in 
Figures  5-97  and  5-98,  respectively.  The  hot-wire  measurements  obtained  in  a 
similar  Mach  0.3  jet  by  Lawrence^®^'  and  Woolridge,  et  al.(lO^)  are  included 
in  these  figures  for  comparison.  Very  good  agreement  was  obtained  between 
the  LV  measurements  and  the  hot-wire  data.  This  calibration  test  demon¬ 
strated  the  capability  and  accuracy  of  the  LV  system  for  jet  flow  velocity 
and  turbulence  intensity  measurement. 

5.7.2  Experimental  Results  on  Single  Jets 

Experimental  results  were  obtained  on  the  mean  velocity  and  longitudinal 
turbulence  intensity  profiles  of  jet  plumes  from  single  round  and  single  rec¬ 
tangular  nozzles.  Two  temperature  conditions  of  the  jet  flow  were  tested 
(294  and  644K)  on  each  nozzle.  A  fixed  pressure  ratio  of  approximately  1.8 
was  employed  on  all  tests  to  obtain  a  fixed  Mach  number  flow  condition  for  the 
comparison  of  test  results.  The  effects  of  temperature  and  nozzle  geometry 
on  jet  noise  source  modification  are  deduced  from  the  test  results. 

Due  to  limitations  in  the  LV  system  capability  at  the  time  of  the  ex¬ 
periments  reported  in  Section  5.7,  no  time  dependent  turbulence  measurements 
were  made  during  this  effort.  Nor  was  two  component  capability  available  at 
the  time  of  the  experiments.  Hence  longitudinal  spectra,  scale  length  and 
transverse  turbulence  measurements  were  not  made. 

5. 7. 2.1  Round  Jets 

Axial  mean  velocity  and  turbulence  intensity  distributions_along  the  jet 
centerline  are  shown  in  Figure  5-99.  The  reference  velocities  U0  used  in  the 
figure  were  303  and  448  m/sec  for  stagnation  jet  temperatures  of  294  and 
644  K,  respectively.  The  mean  velocity  profiles  from  the  jets  at  the  two 
temperature  conditions  appear  to  be  similar  (the  mean  velocity  profile  shown 
in  Figure  5-98  from  a  19.05  mm  diameter  nozzle  (Mach  0.3  flow)  can  be  shown 
to  be  similar  to  the  profiles  in  Figure  5-99,  The  effect  of  temperature  on 
mean  velocity  decay  along  the  jet  axis  appears  insignificant.  Similar  pro¬ 
files  hold  for  a  wide  range  of  subsonic  Mach  number  jet  flows.  Very  similar 
profiles  were  obtained  also  independent  of  the  temperature  of  the  jets  for 
the  turbulence  intensity  distributions.  A  maximum  turbulence  intensity  of 
approximately  16%  was  obtained  10  nozzle  exit  diameters  downstream.  Similar 
observations  have  been  reported  by  other  investigators  [Lawrence ] .  The 
potential  core  was  found  to  extend  about  six  nozzle  diameters  downstream  on 
the  jet  axis  (this  also  agrees  with  Lawrence). 

Radial  velocity  profiles  of  the  single  round  jet  are  shown  in  Figures  5- 
100  through  5-106  at  various  downstream  stations  from  the  nozzle  exit. 

Similar  velocity  profiles  were  obtained  for  flows  at  294  and  644  K  temper¬ 
ature  conditions.  Maximum  turbulence  intensity  occurs  at  the  lip  location 
(0.5  nozzle  diameters  radially  outward)  at  two  and  six  nozzle  diameters 
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Figure  5-97.  Radial  Velocity  and  Turbulence  Profiles  of  LV  Calibration 
Jet  Test  Results  (D  =  19,05  mm). 


Lgure  5-99.  Axial  Velocity  Profiles  of  a  Round  Je 
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Figure  5-103.  Radial  Velocity  Profiles  of  a  Round  and  a  Rectangular 
Jet  at  Y/D  =  14  (M  =  0.967,  D  -  38.1  mm). 
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Figure  5-106.  Transverse  Velocity  Profiles  of  a  Rect  mgulnr  Jet  at 
Y/D  =  2  (T  =  294  K,  U  =  303  m/s,  D  =  38.1  mm). 


downstream.  At  10  diameters  downstream,  the  radial  location  of  the  maximum 
turbulence  intensity  is  shifted  toward  the  center  of  the  jet.  The  turbulence 
intensity  is  a  maximum  on  the  jet  axis  at  14  diameters  downstream  where  a 
fully  turbulent  flow  is  developed  (as  shown  in  Figure  5-103) .  The  maximum 
turbulence  intensity  at  2,  6,  and  10  diameters  downstream  appears  to  be 
higher  in  the  LV  measurements  than  in  the  conventional  hot-wire  measurements. 
This  may  be  attributed  to  the  "noise"  contained  in  the  LV  velocity  histogram. 
This  "noise"  was  found  generally  far  away  from  the  bulk  of  the  histogram  data 
on  the  velocity  scale  and  is  believed  due  to  the  imperfection  of  the  valida¬ 
tion  test  in  the  LV  processor.  No  special  data  treatment  or  smoothing  tech¬ 
nique  was  performed  on  the  histograms  in  the  data  analysis  procedure. 


5. 7. 2. 2  Rectangular  Jets 

The  single  rectangular  jet  configuration  is  shown  in  Figure  5-104. 

Axigl  velocity  distributions  along  the  jet  centerline  are  shown  in  Figure  5- 
105  .  The  reference  diameter,  D,  used  in  this  figure  and  in  other  data  on 
the  following  figures  is  the  equivalent  diameter  based  on  the  exit  area  of 
the  nozzle,  i.e.,  38.1  mm.  The  mean  velocity  profile  of  the  hot  jet  (644 
K)  appears  to  decay  faster  than  that  of  the  room  temperature  jet  (294  K). 

The  length  of  the  potential  core  of  the  hot  jet  is  shorter  than  that  of  the 
room  temperature  jet  based  on  mean  velocity  and  turbulence  intensity  pro¬ 
files.  A  peak  turbulence  intensity  of  approximately  14 %  exists  eight  equiv¬ 
alent  diameters  downstream  for  the  hot  jet.  A  more  gradual  increase  in 
turbulence  inensity  with  axial  distance  downstream  from  the  nozzle  exit  is 
observed  for  the  room  temperature  jet.  A  peak  value  of  turbulence  Intensity 
of  12%  exists  along  the  jet  centerline  14  diameters  downstream  for  the  room 
temperature  jet.  These  observations  agree  with  those  from  transverse  veloc¬ 
ity  profiles  (to  be  described  next),  suggesting  that  the  hot  rectangular  jet 
plume  spreads  out  faster  than  does  the  room  temperature  jet  plume. 

Transverse  velocity  profiles  of  the  rectangular  jets  are  shown  in  Fig¬ 
ures  5-109  through  5-114.  The  mean  velocity  and  turbulence  intensity  data 
recorded  along  both  the  major  (Z)  axis  and  the  minor  (X)  axis  at  a  fixed 
downstream  location  from  the  jet  exit  are  presented  on  each  figure.  The 
physical  dimensions  of  the  rectangular  nozzle  with  respect  to  the  abscissa 
scale  are  sketched  on  top  of  each  figure.  The  velocity  profiles  of  the  hot 
jet  are  more  diffused  than  those  of  the  room  temperature  jet,  at  the  same 
axial  locations  (Figures  5-110,  5-111,  5-113,  and  5-114).  This  is  most 
apparent  from  the  velocity  profiles  along  the  minor  axis  (Z)  of  the  jets. 

As  discussed  above,  unlike  the  round  jet,  jet  temperature  affects  the 
shape  of  the  rectangular  jet  plume.  Thus,  the  distribution  of  noise  sources 
which  are  related  to  the  turbulence  in  the  jet  flow  change  as  the  temperature 
of  the  jet  changes.  Preliminary  data  from  the  acoustic  measurements  on  the 
rectangular  jets  at  the  two  temperature  conditions  (Section  5.2)  show  some 
difference  in  the  noise  directivity  pattern.  Noise  source  modifications  due 
to  temperature  may  be  one  of  the  major  causes  of  this  difference. 

*  The  solid  and  the  dashed  lines  in  Figures  5-105  through  5-111  are  faired 
through  the  corresponding  data  groupings. 

**The  aspect  ratio  of  the  rectangular  jet  is  6:1. 
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Figure  5-108.  Transverse  Velocity 
Y/D  -  10  <T0  =  294  K 


5 


-14  -12  -1.0  -0.8  -0.6  -0.4  -0.2  0  0.2  0.4  0.6  0.8  1.0  1.2  14 


Figure  5-111.  Transverse  Velocity  Profiles  of  a  Hot  Rectangular  Jet 
at  Y/D  *  10  (Tn  =  644  K,  U0  =  448  m/s,  D  =  38.1  mm). 


(a)  Twin- Round  Jet  Configuration 
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(b)  Twin-Rectangular  Jet  Configuration 


Figure  5-112.  Twin-Jet  Conf igurations  and  Coordinates 
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Figure  5-114.  Radial  Velocity  Profiles_of  the  Twin-Round  Jets 

at  Y/D  -  2  (T  ■  644  K,  U  -  448  m/s,  D  =  38.1  mm) 
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Transverse  mean  velocity  and  turbulence  intensity  profiles  along  the 
major  and  the  minor  axes  for  the  rectangular  jets  were  found  to  become  simi¬ 
lar  far  downstream  of  the  nozzle  exit,  e.g.,  Y/D  =  10  and  14  (Figures  5-108 
and  5-109).  At  Y/D  =  14,  the  velocity  profiles  from  the  rectangular  jet  were 
also  very  similar  to  those  from  the  round  jet  at  a  temperature  of  644  K 
(Figure  5-103).  Therefore,  the  rectangular  jet  profile  degenerates  to  that 
of  a  round  jet  around  10  equvialent  diameters  downstream  of  the  nozzle. 

The  distribution  of  turbulence  intensity  in  the  rectangular  jet  (in  the 
transverse  directions)  peaks  near  the  edge  of  the  jet  plume,  as  in  the  round 
jet  measurements.  The  size  of  the  jet  can  be  deduced  from  the  location  of 
the  peak  turbulence  intensity  in  the  transverse  direction.  From  Figures  5- 
106  through  5-111,  the  physical  size  of  the  jet  is  generally  smaller  in  the 
minor-axis  direction  than  in  the  major  axis  direction,  between  the  nozzle 
exit  and  10  diameters  downstream. 


5.7.3  Experimental  Results  on  Twin  Jets 

Profiles  of  the  mean  velocity  and  turbulence  intensity  of  twin  round  and 
twin  rectangular  jet  flows  measured  with  the  LV  system  are  reported  in  this 
section.  For  the  twin  round  jet  configuration,  two  separation  distances  be¬ 
tween  jets  were  tested,  i.e.,  AZ  =  5  cm  and  12.7  cm,  as  shown  in  Figure  5- 
112.  Most  data  were  taken  with  flows  at  644  K,  and  a  limited  number  of 
profiles  were  obtained  with  room  temperature  jets.  For  the  twin  rectangular 
jets,  the  distances  between  jets  were  3.81  cm  and  10.48  cm  with  wide  sides 
parallel  to  each  other  (Figure  5-112) .  The  temperature  of  the  twin  rectan¬ 
gular  jet  tests  was  also  644  K.  A  fixed  pressure  ratio  of  1.8  was  used  for 
all  twin  round  and  twin  rectangular  jet  tests.  The  characteristic  length 
used  for  twin  round  jets  was  the  diameter  of  the  jet,  and  for  the  twin  rectan¬ 
gular  jets  was  the  equivalent  diameter  based  on  the  jet  cross  sectional  area. 
Profiles  of  the  single  round  and  single  rectangular  jets  described  in  Section 
5.7.2  are  included  in  the  twin  jet  presentation  for  comparison. 


5. 7. 3.1  Twin  Round  Jets 


Figure  5-113  shows  the  axial  mean  velocity  and  turbulence  intensity  pro¬ 
files  along  one  of  the  twin  jet  centerlines  at  644  K.  The  profiles  of  the 
twin  jets  at  12.7  cm  separation  appear  to  be  very  similar  to  those  of  a 
single  round  jet.  However,  both  mean  velocity  and  turbulence  intensity  of 
the  twin  jet  at  smaller  separation  distance,  i.e.,  AZ  =  5  cm  deviate  from 
those  of  a  single  round  jet  after  six  jet  diameters  downstream  from  the  jet 
exit.  It  is  logical  that  less  interference  occurs  if  two  jets  are  separated 
by  a  larger  distance.  Referring  to  the  profiles  shown  in  Figure  5-113,  two 
jets  at  5  cm  separation  begin  to  merge  at  6  to  8  jet  diameters  downstream  of 
the  nozzle  exit.  The  twin  round  jet  at  12.7  cm  separation  still  behaves  as 
two  independent  round  jets,  even  at  14  jet  diameters  downstream. 

Radial  profiles  of  mean  velocity  and  turbulence  intensity  along  the 
vertical  axis  passing  through  both  jet  centerlines  are  shown  in  Figures  5-114 
through  5-117.  The  plane  of  symmetry  shown  in  these  figures  indicates  the 
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Figure  5-117.  Radial  Velocity  Profiles 
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halfway  point  between  the  two  jets.  Measurements  in  both  jet  flows  were 
overlayed  with  respect  to  the  plane  of  symmetry  in  those  figures.  Based  on 
the  mean  velocity  profiles  shown  at  2,  6,  10,  and  14  jet  diameters  down¬ 
stream,  the  twin  jets  at  12.7  cm  separation  closely  resemble  the  behavior  of 
a  single  round  jet.  The  twin  jet  at  5  cm  separation  deviates  from  the  single 
round  jet  velocity  profile  at  (and  after)  six  jet  diameters  downstream.  The 
centerlines  of  the  two  jets  are  shifted  outward  from  each  other  at  both  10 
and  14  jet  diameters  downstream.  This  is  a  clear  indication  of  the  merging 
process  between  the  two  jets.  No  such  centerline  shift  was  observed  for  the 
twin  jets  at  12.7  cm  separation. 

The  turbulence  intensity  profiles  at  2,  6,  10,  and  14  jet  diameters 
downstream  for  the  twin  jets  are  shown  as  the  lower  data  plot  in  Figures  5- 
114  through  5-117.  Again,  the  profiles  for  the  12.7  cm  separation  twin  jet 
appear  to  be  symmetric  about  the  jet  centerlines  and  resemble  the  shape  of 
those  from  a  single  round  jet.  The  turbulence  intensity  profiles  for  the 
5  cm  separation  twin  jet  were  found  skewed,  with  lower  turbulence  near  the 
interface  between  two  jets  (plane  of  symmetry).  The  turbulence  intensities 
on  the  opposite  side  of  the  jet  centerline  (i.e.,  free  jet  boundary)  are 
similar  to  those  of  a  single  round  jet.  The  lower  turbulence  intensity  near 
the  jet  interface  region  is  an  evidence  of  jet  noise  source  reduction.  This 
skewed  turbulence  intensity  profile  observation  is  further  confirmed  from 
measurements  in  a  room  temperature  twin  jet  at  5  cm  separation,  shown  in 
Figure  5-118. 


5. 7. 3. 2  Twin  Rectangular  Jets 

The  axial  mean  velocity  and  turbulence  intensity  distributions-  along  one 
of  the  twin  jet  centerlines  are  shown  in  Figure  5-119.  Profiles  of  the  twin 
rectangular  jet  at  both  3.81  cm  and  10.48  cm  separations  agree  closely  with 
those  of  a  single  rectangular  jet,  and  no  jet  interference  is  therefore 
observed  along  the  jet  centerline.  Close  agreement  in  the  velocity  profiles 
between  the  twin  jets  and  a  single  rectangular  jet  is  also  observed  along  the 
major  axis  of  the  rectangular  jet  for  both  jet  separation  distances  (Figures 
5-120  through  5-123).  Mean  velocity  profiles  shown  in  Figures  5-124  through 
5-127  were  measured  along  the  minor  axis  of  the  rectangular  jet,  through  the 
plane  of  symmetry.  Again,  very  similar  profiles  result  for  the  twin  rectan¬ 
gular  jets  at  both  separations  and  for  a  single  rectangular  jet.  The  turbu¬ 
lence  intensity  profiles  shown  in  Figures  5-120  through  5-123  suggest  that 
the  difference  between  those  of  the  twin  jet  and  a  single  rectangular  jet  are 
also  minimal.  Thus,  the  conclusion  on  the  twin  rectangular  jets  tested  at 
both  3.81  cm  and  10.48  cm  separations  is  that  each  of  the  twin  jets  behaves  as 
an  independent  free  jet.  The  interaction  between  jets  on  the  mean  velocity 
and  turbulence  intensity  appears  to  be  minimal,  even  at  14  jet  equivalent 
diameters  downstream  of  the  jet  exit. 


5.7.4  Experimental  Results  on  Seven-Jet  Cluster  Flows 

The  mean  velocity  and  turbulence  intensity  of  flows  from  two  7-jet 
cluster  arrangements  were  measured  using  the  LV  system.  Seven  converging 
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Figure  5-119.  Axial  Velocity  Profiles  Along  the  Centerline  of  One  of  the  Twin 
Rectangular  Jets  (T0  =  644  K,  Un  =  448  m/s). 
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Figure  5-123.  X-Transverse  Velocity  Profiles  of  the  Twin  Rectangul 
Y/D  =  14  (T  =  644  K,  V =  448  m/s). 
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nozzles  of  2.22  cm  diameter  were  mounted  on  the  hot-jet  test  facility  as 
shown  in  Figure  5-128.  Six  of  the  seven  nozzles  were  distributed  evenly  on  a 
circle  of  3.81  cm  and  6.67  cm  radius  around  the  centerline  of  the  center  jet 
nozzle.  The  cluster  flows  were  at  890  K  and  600  m/s  (Mach  1.12)  for  both 
configurations,  i.e.,  AZ  =  3.81  and  6.67  cm.  For  the  cluster  configuration 
at  AZ  =  3.81  cm,  flows  at  890  K  and  506  m/s  (Mach  0.86)  were  also  tested. 

The  velocity  and  turbulence  of  the  cluster  flows  were  measured  along  the 
centerline  of  the  center  jet  and  the  transverse  direction  connecting  the 
centerlines  of  the  center  jet  and  one  outer  jet.  The  coordinates  on  the  data 
presented  in  the  following  subsections  are  shown  in  Figure  5-128. 

5. 7. 4.1  Large  Cluster  Jets  (AZ  =  6.67  cm) 

The  axial  velocity  and  turbulence  intensity  profiles  of  the  large  clus¬ 
ter  flow,  along  the  centerline  of  the  center  jet  is  shown  in  Figure  5-129. 

These  profiles  are  similar  to  those  from  a  single  round  jet  (shown  in  Figures 
5-98  and  5-99).  However,  the  turbulence  intensity  at  six  nozzle  diameters 
downstream  (Y/D  =  6)  appears  to  be  much  higher  than  that  of  a  single  jet 
flow.  This  may  be  explained  by  the  existence  of  the  shock  pockets  in  a 
supersonic  jet  exhaust.  Figure  5-130  shows  the  radial  velocity  profiles 
around  one  of  the  outer  jets  at  Y/D  =  4  and  is  similar  to  that  of  a  single 
round  jet  flow  at  the  same  downstream  location.  Radial  velocity  profiles  of 
the  large  cluster  jet  flows  at  Y/D  =  10,  14,  20,  and  26  are  shown  in  Figures 
5-131  through  5-134.  Peaks  are  observed  around  the  centerline  of  each  nozzle 
in  the  mean  velocity  profiles.  Each  jet  flow  behaves  as  a  single  free  jet  in 
this  large  cluster  configuration.  Some  indications  of  the  jet  interaction 
are  observed  at  the  Y/D  =  14  station  in  the  interface  region  between  the  jets. 
The  turbulence  in  the  interface  region  is  approximately  12%  of  the  nozzle  exit 
velocity  and  is  slightly  higher  than  the  values  at  the  corresponding  location 
for  a  single  free  jet,  shown  in  Figure  5-105.  However,  the  effect  of  the  ob¬ 
served  jet  interaction  was  minimal.  Even  at  20  nozzle  diameters  downstream, 
the  mean  velocity  peaks  around  each  jet  centerline  are  still  descernible.  At 
Y/D  =  26,  the  jets  are  so  spread  out  that  flat  velocity  and  turbulence  inten¬ 
sity  profiles  are  obtained,  as  expected. 

5. 7. 4. 2  Small  Cluster  Jets  (AZ  =  3.81  cm) 


Two  Jet  exit  velocities  were  tested  on  this  cluster  configuration,  i.e., 
UQ  «  506  and  600  m/s.  The  axial  velocity  and  turbulence  intensity  profiles 
along  the  axis  of  the  center  jet  are  shown  in  Figure  5-135.  At  subsonic  jet 
exit  velocity,  UD  -  506  m/s,  the  mean  velocity  decay  along  the  jet  centerline 
is  faster  than  at  supersonic  speed.  The  mean  velocity  axial  profiles  at 
UG  “  600  m/s  are  similar  to  results  from  the  large  cluster  configurations. 
However,  the  turbulence  intensity  at  Y/D  *  8  is  lower  for  the  small  cluster 
configuration.  This  is  an  indication  of  the  jet  interference  effect  as  the 
distance  between  jets  becomes  smaller.  For  the  case  where  jet  exit  velocity 
is  506  m/s,  the  maximum  turbulence  intensity  occurs  at  Y/D  ■  6  (instead  of  8 
as  in  the  case  of  600  m/sec) .  The  maximum  turbulence  intensity  along  the 
center  jet  axis  is  approximately  12%  of  the  exit  jet  speed  for  both  velocity 
conditions  for  this  small  cluster  configuration.  The  value  of  the  maximum 
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Figure  5-129.  Axial  Velocity  Profile  of  the  7-Jet  Cluster  Flow  Along  One  Jet  Centerl 
(AZ  =6.67  cm) . 
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re  5-135.  Axial  Velocity  Profile  of  the  7-Jet  Cluster  Flow  Along  the  Centerline  of  the 
Center  Jet  (AZ  =  3.81  cm.  Z/D  =  1.7). 


turbulence  Intensity  is  approximately  14%  in  a  large  cluster  arrangement 
(shown  in  Figure  5-129). 

Radial  velocity  and  turbulence  intensity  profiles  of  the  small  cluster 
are  shown  in  Figures  5-136  through  5-140.  Based  on  the  profiles  shown  in 
Figure  5-136,  interaction  between  the  center  jet  and  the  outer  jet  begins  at 
the  Y/D  =  4  station.  The  turbulence  intensity  on  the  edge  of  the  center  jet 
appears  suppressed  to  12%  from  the  free  jet  value  of  15%,  while  the  corre¬ 
sponding  intensity  on  the  edge  of  the  outer  jet  increases  to  17%.  The  mean 
velocity  peaks  are  distinct  and  symmetric  about  each  jet  axis.  As  the  clus¬ 
ter  flow  moves  downstream  to  Y/D  =  10  and  14,  the  outer  jet  appears  to 
migrate  outward.  The  mean  velocity  value  at  the  outer  jet  peak  decays  faster 
than  that  of  the  center  jet.  An  important  observation  on  this  small  cluster 
arrangement,  different  from  the  large  one,  is  that  a  strong  interaction 
occurs  between  the  center  and  the  outer  jet  and  the  interaction  starts  as 
early  as  four  nozzle  diameters  downstream  from  the  jet  exit. 

The  faster  decay  in  mean  velocity  and  turbulence  intensity  at  the  sub¬ 
sonic  speed  can  be  clearly  observed  in  Figure  5-137  at  Y/D  =10.  At  Y/D  =  14, 
the  outer  jet  velocity  peak  disappears,  in  contrast  to  the  case  of  flows  at 
the  supersonic  speed.  These  observations  suggest  that  a  stronger  interaction 
occurs  between  jets  of  the  small  cluster  arrangement  at  subsonic  speed.  The 
cluster  jet  flow  becomes  a  large  simple  jet  at  (or  even  before)  14  nozzle 
diameters  downstream,  for  flows  at  subsonic  speed.  For  supersonic  jet  speed, 
the  cluster  flow  becomes  a  large  simple  jet  at  about  20  nozzle  diameters 
downstream,  where  the  outer  jet  velocity  peaks  disappear. 


5. 7. 2. 3  Concluding  Remarks 

A  successful  application  of  the  LV  technique  to  high  temperature  and 
high  speed  subsonic  jet  flows  has  been  demonstrated  in  the  experiments  re¬ 
ported  in  this  section.  Use  of  the  LV  technique  with  high  temperature  and 
high  speed  subsonic  jet  flows  has  yielded  detailed  velocity  and  turbulence 
intensity  mappings  of  several  combinations  of  a  round  and  a  rectangular  jet. 
Observations  from  these  LV  Measurements  are  summarized  as  follows: 

1.  A  minimal  temperature  effect  is  found  on  the  velocity  profiles  of  a 
round  jet. 

2.  Strong  similarity  in  mean  velocity  and  turbulence  intensity  pro¬ 
files  along  the  jet  axis  is  obtained  over  large  Mach  number  and 
temperature  ranges  (e.g.,  M  =  0.3  to  0.965,  T0  =  294  to  644  K  for 
a  round  jet. 

3.  The  jet  plume  decays  faster  and  spreads  wider  at  high  temperature 
compared  to  room  temperature  for  a  round  jet. 

4.  A  rectangular  jet  exhaust  degenerates  to  that  of  a  circular  jet 
approximately  10  equivalent  diameters  downstream  of  the  nozzle 
exit. 
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The  values  of  maximum  turbulence  intensity  along  both  axes  of  the 
rectangular  jet  are  similar  (only  the  thickness  of  the  jet  is  dif¬ 
ferent  along  the  minor  and  the  major  axes) . 

At  small  jet  separation  distance,  i.e.,  5  cm,  twin  round  jet  flows 
begin  to  merge  six  nozzle  diameters  downstream.  The  jet  center- 
lines  begin  to  shift  outward  from  each  other  at  10  and  14  nozzle 
diameters  downstream.  The  turbulence  intensity  profiles  are  not 
symmetrical  to  the  jet  centerline,  with  lower  intensity  near  the 
interface  between  jets.  This  is  evidence  of  the  reduction  in  jet 
noise  source  strength  due  to  the  jet  mixing  process. 

For  the  twin  round  jet  at  large  separation,  i.e.,  12.7  cm,  mean 
velocity  and  turbulence  intensity  profiles  agree  closely  with  those 
of  a  single  round  jet.  Each  jet  behaves  as  an  independent  jet  up 
to  14  nozzle  diameters  downstream. 

The  twin  rectangular  jets  at  two  separation  distances  (i.e.,  3.81 
and  10.48  cm)  resemble  the  flow  field  of  a  single  rectangular  jet. 
No  jet  mixing  interference  is  observed  for  either  jet  separation 
distance,  from  the  nozzle  exit  to  14  equivalent  jet  diameters  down¬ 
stream.  Both  jets  become  round  cross-sectional  jets  between  six 
and  eight  equivalent  jet  diameters,  similar  to  a  single  rectangular 
jet. 

For  the  7-jet  cluster  flows,  at  large  cluster  separation  (AZ  =  6.67 
cm),  each  jet  in  the  cluster  behaves  as  a  single  free  jet.  Some 
jet  interaction  is  observed  at  14  nozzle  diameters  downstream. 
However,  the  turbulence  intensity  peaks  at  about  eight  nozzle  diam¬ 
eters  downstream.  The  effect  of  jet  interaction  at  Y/D  =  14  and 
further  downstream  is  minimal. 

At  small  cluster  separation  (AZ  =  3.81  cm),  strong  interaction 
occurs  between  the  center  jet  and  the  outer  jets.  Evidence  of  the 
interaction  is  observed  as  early  as  four  nozzle  diameters  down¬ 
stream  from  the  jet  exit.  Flows  at  subsonic  speeds  appear  to  have 
stronger  interaction  between  jets  than  those  at  supersonic  speeds. 

The  small  cluster  flows  (AZ  =  3.81  cm)  degenerate  to  a  large  single 
jet  at  about  14  nozzle  diameters  downstream  for  the  subsonic  case 
and  20  nozzle  diameters  for  the  supersonic  case,  based  on  the  data 
obtained  in  the  hot  jet  test  experiments. 


5.8  HOLE-IN-THE-WALL  SOURCE  LOCATION  MEASUREMENTS 


Axial  noise  source  location  measurements  of  the  twin  rectangular  and  twin 
round  jet  configurations  were  conducted  using  the  hole-in-the-wall  source  loca¬ 
tion  method.  The  test  apparatus  is  described  in  Section  3.2  of  this  report. 

To  provide  the  aperture  for  these  configurations,  a  system  of  four  plates  was 
used  to  form  a  rectangular  opening  sized  so  as  to  accommodate  a  14°  flare 
angle  from  the  outer  points  of  the  jet  periphery.  Several  axial  positions  of 
each  aperture  were  used  to  minimize  the  buffeting  of  the  jet  flow  against  the 
aperture  and  yet  achieve  good  isolation  of  the  noise  upstream  of  the  aperture. 
Three  azimuthal  microphone  measurement  planes  (0°,  45°  and  90°)  were  used  to 
capture  the  total  acoustic  power.  Eight  inches  of  acoustic  foam  were  used  as 
ground  covering  to  reduce  the  effects  of  ground  reflections. 


5.8.1  Twin  Round  Jets 


5.8. 1.1  Overall  Power  and  Power  Spectra 

Axial  surveys  were  taken  up  to  15  jet  diameters  downstream  on  three  dif¬ 
ferent  nozzle  spacings,  and  at  two  different  flow  conditions,  as  shown  in 
Figure  5-141(a).  The  experimental  measurement  procedure  is  illustrated  in 
Figure  5-141 (b).  The  principal  utility  of  the  hole-in-the-wall  technique  is  in 
measuring  the  axial  acoustic  power  distribution,  since  the  presence  of  the  iso¬ 
lation  chamber  and  aperture  tends  to  alter  the  SPL  directivity  patterns.  As 
discussed  in  Section  3.3,  acoustic  energy  escapes  from  the  upstream  side  of  the 
aperture  and  contaminates  the  downstream  measurement.  This  effect  is  seen  in 
Figure  5-142,  where  the  azimuthally  averaged  overall  power  level  (OAPWL)  is 
plotted  versus  aperture  location,  x,  for  several  nozzle  spacings.  The 
leakage  increases  so  rapidly  at  the  large  axial  distances  that  there  is  hardly 
any  drop-off  of  OAPWL  observed  with  distance.  In  the  high  frequency  portion 
of  the  spectrum,  the  drop-off  of  the  azimuthally  averaged  power  level  (PWL) 
is  more  rapid  than  the  OAPWL,  as  shown  in  Figure  5-143.  This  is  because  the 
high  frequency  sources  are  close  to  the  nozzle,  and  because  there  is  a  lack  of 
any  buffeting  noise  in  this  part  of  the  spectrum.  Increased  spacing  shows 
lower  drop-off  of  both  PWL  and  OAPWL  with  x  (and  hence  more  acoustic  leakage 
from  upstream  to  downstream).  Higher  jet  temperature  and  velocity  causes  a 
slight  increase  in  the  rate  of  the  drop-off  of  OAPWL  or  PWL  with  axial  dis¬ 
tance,  as  seen  on  Figure  5-144. 

The  power  spectra  (shown  in  Figure  5-145  and  5-146)  illustrate  the  low- 
frequency  noise  caused  by  buffeting  of  the  jet  plume  on  the  aperture.  This 
interaction  noise  is  present  in  all  the  data,  but  increases  with  downstream 
axial  distance  because  of  both  this  interaction  noise  and  the  excessive 
acoustic  leakage  through  the  aperture,  the  data  have  not  been  converted  into 
source  strength  distributions. 


5. 8. 1.2  Shielding  Distributions 

The  concept  of  the  hole-in-the-wall  technique  should  (theoretically), 
allow  determination  of  the  axial  distribution  of  acoustic  shielding  effects. 
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Figure  5-141  (b) . 


"Hole-In-The-Wall"  Experiment. 
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Figure  5-143.  Twin  Round,  High  Frequency  Decay. 


Figure  5-144.  Twin  Round,  Effect  of  Velocity  and  Temperature 
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Figure  5-145.  Twin-Round.  Power  Spectra  (s/d 


The  contribution  to  the  total  shielding  by  any  axial  section  can  be  determined 
by  comparing  the  differences  in  overall  power  and  power  spectra  as  measured 
in  the  "loud"  ip  =  90°  plane  and  in  the  "quiet"  ip  *  0°  plane.  The  realities  of 
this  technique  however,  force  the  acceptance  of  only  qualitative  indications 
of  shielding  effects.  The  difference  in  overall  power  level,  as  shown  on 
Figure  5-147,  is  found  to  be  a  decreasing  function  of  distance,  as  expected. 
This  is  due  to  the  merging  of  the  two  streams  at  some  downstream  location,  and 
the  gradual  subsidence  of  acoustic  shielding  as  the  two  jets  merge.  For  high 
frequencies,  the  responsible  sources  (and  hence  the  shielding)  are  located 
close  to  the  nozzle  exit  plane  X  =  0.  Figure  5-148  supports  this  (the  drop¬ 
off  of  APWL  with  distance  is  more  rapid  than  for  the  AOAPWL  results). 


5.8.2  Twin  Rectangular  Jets 

5. 8. 2.1  Overall  Power  and  Power  Spectra 

A  series  of  tests  was  conducted  on  twin  rectangular  jets  similar  to  the 
above  twin  round  nozzle  tests.  The  twin  rectangular  jet  plume,  however,  allows 
much  better  isolation  of  the  upstream  noise  from  the  acoustic  arena  and  the 
results  are  therefore  more  useful.  Three  different  nozzle  spacings  were 
employed,  at  one  heated  high  subsonic  flow  condition. 

Figure  5-149  shows  the  spacing  and  the  axial  position  of  the  Isolation 
aperture,  x.  Axial  surveys  of  the  azlmuthally  averaged  overall  sound  power 
level  are  shown  on  Figure  5-150.  Flattening  of  the  curves  with  increased 
spacing  (observed  in  the  twin  round  tests)  is  not  observed  here,  although 
buffeting  noise  is  present  and  contributes  to  a  larger  extent  as  axial  distance 
increases . 

The  25  kHz  band  levels  (Figure  5-151)  drop  much  more  rapidly  with  axial 
distance,  but  there  still  appears  to  be  some  acoustic  leakage  (increased  PWL 
as  s/t  increases  at  any  given  axial  position  x/t).  The  buffeting  or  "inter¬ 
action"  noise  which  contributes  to  the  OAPWL  can  be  seen  in  Figures  5-152  and 
5-153,  in  the  low  frequency  portions  of  the  spectra.  An  intense  tone  appears 
in  Figure  5-154  in  the  ip  =  0°  plane,  when  the  axial  location  of  the  isolation 
aperture  x  is  less  than  20  nozzle  widths.  This  is  thought  to  be  due  to  an 
entrainment-induced  flapping  of  the  two  jet  flows  when  they  are  very  close 
together  as  discussed  in  Section  5.4. 


5. 8. 2. 2  Shielding  and  Azimuthal  Effects 


The  most  interesting  result  of  the  hole-in-the-wall  source  location  work 
is  shown  on  Figure  5-154.  Three  mechanisms  are  present:  (1)  the  self-shield- 
ing  of  the  rectangular  jets  by  themselves,  which  reduces  the  levels  of  the 
ip  =  90°  plane;  (2)  the  shielding  by  the  adjacent  jet  which  reduces  the  levels 
in  the  <p  ■  0°  plane;  and  (3)  the  induced  tone  in  the  ip  =  0°  plane  for  the 
smallest  spacing.  For  the  smallest  spacing,  s/t  «  2.08,  the  tone  in  the  ip 
*  0°  plane  dominates  at  x  =  0,  resulting  in  negative  values  of  AOAPWL. 

However,  as  x  increases,  this  source  is  gradually  isolated  until,  at  about  20 


Figure  5-147.  Twin  Round,  AOAPWL  Versus  Axial  Location 


Figure  5-152.  Twin  Rectangular,  Power  Spectra,  S/t 
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Figure  5-153.  Twin  Rectangular,  Power  Spectra,  S/t 
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diameters,  the  shielding  by  the  adjacent  jet  has  started  to  produce  a  net 
positive  AOAPWL.  Further  increases  in  x  leave  only  the  diffused  downstream 
portions  of  the  jets  exposed  and  AOAPWL  tends  towards  zero.  At  the  two 
larger  spacings  (s/t  =  3.47  and  s/t  *=  7.46),  the  combination  of  self-shield¬ 
ing  and  adjacent  shielding  produces  a  net  positive  AOAPWL  with  full  exposure 
of  the  plumes  (x  =  0).  As  the  plume  is  progressively  isolated  however  (x 
becomes  larger),  the  effect  of  the  self-shielding  (apparently  predominant 
near  the  jet  exit  plane)  diminishes,  the  adjacent-jet  shielding  becomes 
predominant,  and  AOAPWL  increases.  This  explanation  is  reasonable  because 
the  self-shielding  depends  on  a  high  aspect  ratio  jet  flow,  which  exists  near 
the  exit  planes,  whereas  the  adjacent  shielding  only  requires  a  separation  of 
the  two  streams.  The  larger  nozzle  separation  (s/t  =  7.46)  shows  the  adjacent 
shielding  to  be  more  dominant  than  in  the  case  of  the  medium  spacing  (s/t  = 
3.47). 


5.8.3  Concluding  Remarks 

In  order  to  produce  reasonable  results  from  the  hole-in-the-wall  techni¬ 
que,  the  nozzle  must  have  a  plume  that  allows  a  tight  "acoustic"  seal  by  the 
isolation  aperture.  Lack  of  such  isolation  hampered  the  work  carried  out 
with  the  twin  round  nozzles.  The  technique  is  very  time  consuming,  requiring 
roughly  10  to  20  times  as  long  to  survey  a  jet  plume  as  to  record  normal  far- 
field  measurements.  The  method  only  produces  quantitatively  adequate  results 
at  high  frequencies  due  to  contamination  by  the  plume  aperture  buffeting 
noise.  The  technique  is,  however,  capable  of  producing  some  useful  qualita¬ 
tive  results.  The  relative  location  of  dominance  of  adjacent-jet  shielding 
and  self-shielding  were  identified,  for  example,  for  twin  rectangular  nozzles. 
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6 . 0  ACOUSTIC  SHIELDING  EXPERIMENTS 


6.1  DESCRIPTION  OF  TEST  PROGRAM  AND  RESULTS 


The  basic  objective  of  the  acoustic  shielding  test  program  was  to  investi¬ 
gate  the  purely  acoustic  aspects  of  the  shielding  of  noise  sources  by  a  sur¬ 
rounding  jet.  An  annular  jet  flow  at  Mach  number  M,  with  inner  and  outer 
radii  of  a  and  b,  respectively,  was  tested  in  the  outdoor  hot  jet  facility 
shown  in  Figures  6-1  and  6-2.  Two  types  of  noise  sources  were  tested: 

(1)  a  stationary  source  from  a  whistle  and  (2)  a  moving  noise  source  from  a 
small  high  speed  jet  placed  along  the  annular  jet  centerline.  Data  were 
obtained  on  the  acoustic  power  output  radiated  by  the  source  and  on  the 
changes  in  the  source  directivity  pattern. 


6.1.1  Test  Results  with  a  Stationary  Source  (Whistle) 

Figure  6-3  shows  a  typical  spectrum  of  the  whistle  noise  source  at  30° 
from  the  jet  axis  and  10  feet  away  from  the  jet  exit,  with  no  annular  jet. 

The  central  pure  tone  frequency  is  between  4  and  5  kHz.  Some  higher  order 
harmonics  also  exist.  When  the  coannular  shielding  jet  is  imposed,  the 
whistle  noise  is  reduced.  Figure  6-4  shows  frequency  spectra  of  the  whistle 
at  30°  and  90°  from  the  jet  axis  with  shielding  jet  flow  at  a  Mach  number  of 
0.6  and  at  room  temperature.  The  noise  spectra  from  the  shielding  jet  alone 
are  also  shown  in  the  same  figures.  The  amplitude  reduction  of  the  whistle's 
central  frequency  is  more  at  30°  (5  kHz)  than  at  90°.  At  a  shielding  jet 
flow  Mach  number  of  0.8,  the  whistle  noise  is  further  reduced  at  both  30°  and 
90°  (Figure  6-5).  The  stationary  sound  source  from  the  whistle  is  therefore 
suppressed  in  the  far  field  due  to  the  presence  of  shielding  jet  flow.  The 
reduction  in  amplitude  of  this  stationary  source  at  a  fixed  angle  from  the 
jet  centerline  increases  as  the  velocity  of  the  shielding  jet  flow  increases. 

The  angular  difference  in  the  acoustic  shielding  of  a  stationary  sound 
source  is  observed  in  the  directivity  measurements  shown  in  Figure  6-6.  The 
noise  generated  only  from  the  shielding  jet  flows  at  Mach  0.6  and  0.8  is 
small  relative  to  that  from  the  whistle,  and  can  be  neglected.  By  comparing 
the  directivity  pattern  of  the  whistle  alone  (Figure  6-7)  with  that  of  the 
whistle  with  shielding  jet  flows  (Figure  6-6),  the  amount  of  shielding  on  a 
stationary  sound  source  as  a  function  of  direction  is  obtained  as  shown  in 
Figure  6-8.  Figure  6-8  shows  that  the  shielding  effect  appears  to  be  signifi¬ 
cant  at  shallow  angles  (9<50°)  and  increases  as  the  angle  decreases  toward 
the  jet  centerline. 


6.1.2  Test  Results  with  a  Moving  Source  (A  Small  Jet  Inside  the 
Shielding  Jet) 


A  base-purge  arrangement  was  employed  in  the  region  near  the  exit  of  the 
annular  shielding  jet;  however,  the  ventilation  was  apparently  insufficient. 
The  annular  shielding  jet  is  pulled  in  toward  the  jet  centerline.  Typical 
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velocity  profiles  are  shown  in  Figure  6-9  (indicated  as  the  case  without 
segments).  The  annular  jet  collapses  into  a  single  round  jet  after  some 
distance  downstream  from  the  jet  exit.  There  is  a  region  near  the  base  of 
the  jet  centerline  where  reverse  flow  is  observed  due  to  insufficient  ventila¬ 
tion.  After  additional  ventilation  was  provided  to  the  base  region  via  seg¬ 
mentation  of  the  shielding  jet  (Figure  6-2),  the  shielding  jet  behaved  as  an 
ideal  annular  jet.  The  velocity  profile  is  shown  in  Figure  6-9. 

Flow  reversal  was  not  observed  near  the  jet  base  region  with  the  seg¬ 
mented  arrangement.  In  order  to  provide  a  fair  comparison  between  the  experi¬ 
mental  results  and  the  theoretical  slug  flow  model,  the  flow  arrangement  with 
segments  was  selected  as  the  standard  test  configuration  in  order  to  duplicate 
the  effects  of  an  ideal  annular  jet.  Table  6-1  shows  a  list  of  various  jet 
configurations  tested  and  the  test  conditions  of  the  shielding  jet  flows. 

The  inner  sound  source  jet  flow  was  fixed  at  Mach  2  and  ambient  temperature. 

Figure  6-10  shows  the  OASPL  directivity  patterns  from  the  source  (inner) 
jet,  the  shielding  jet,  and  both  jets  together.  The  acoustic  shielding  of 
the  source  jet  noise  is  again  obtained  by  direct  comparison  of  the  direc¬ 
tivity  patterns  for  the  source  jet  alone  and  for  the  combined  source  and 
shielding  jets  (provided  that  the  noise  from  the  shielding  jet  alone  is 
insignificant,  as  is  generally  the  case). 

Two  shielding  jet  thickness  configurations  at  similar  operating  con¬ 
ditions  are  shown  in  Figure  6-10,  which  represents  typical  test  results,  A 
few  important  observations  from  these  directivity  measurements  are  summarized 
as  follows:  (1)  the  noise  from  shielding  jet  flow  alone  was  at  least  10  dB 
lower  than  that  from  either  the  source  jet  or  from  both  source  and  shielding 
jets.  The  contamination  from  the  shielding  jet  noise  in  the  both-jet  measure¬ 
ments,  was  therefore,  minimal.  (2)  The  amplitude  of  the  moving  noise  source 
jet  is  reduced  at  shallow  angles  (6<50°).  (3)  The  magnitude  of  the  source 
noise  reduction  increases  as  the  observer  angle  decreases.  (A)  The  angular 
extent  of  this  shielding  phenomenon  (noise  reduction)  increases  with  the 
thickness  of  the  shielding  jet.  (5)  Shielding  effect  appears  to  be  minimal 
at  90°  direction,  particularly  when  the  shielding  jet  flow  was  at  room 
temperature.  This  last  observation  is  further  substantiated  by  the  SPL 
spectral  measurements  shown  in  Figure  6-11  with  the  room  temperature  shield¬ 
ing  jet  flow.  At  90°,  the  SPL  spectra  of  the  source  jet  noise  are  almost 
identical  with  and  without  the  shielding  jet  flow.  However,  at  40°  from  the 
jet  centerline  (where  shielding  exists)  the  source  noise  shows  an  amplitude 
reduction  between  2  to  20  kHz. 

Figure  6-12  shows  the  power  spectra  at  two  shielding  jet  flow  tempera¬ 
tures.  The  abscissa  is  nondimensional  source  frequency,  A  =  (2Tra/c)f0, 
where  fQ  is  the  source  frequency.  In  terms  of  the  observed  frequency,  f,  fG 
is  given  by 


f0  =  f  /(I  -  Mc  cos  0)2  +  (0.3  Mc)2 
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Table  6.1.  Experimental  Configurations  and  Test 
Conditions. 


•  Model  Configurations 


Jet  Radius 

Ratio  (a/b) 

Segments (N) 

%  Area  Blocked 

0.85 

0 

0 

0.85 

4 

18 

0.85 

4 

36 

0.85 

8 

36 

0.95 

0 

0 

0.95 

4 

18 

0.95 

4 

36 

0.95 

8 

36 

•  Shielding  jet  temperature:  500°  R,  850°  R  and  1500°  R 

•  Shielding  jet  velocity:  650  ft/sec  to  1100  ft/sec 

•  Convective  noise  source  jet  at  500°  R  and  2200  ft/sec 
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WITHOUT  SHIELDING 
WITH  SHIELDING 


SPL (dB) 


Sound  Power  Level  Spectrum  at  a/b  =  0.85,  Vj  =  850  fps 


!  '  f,1 


where  Mc  is  the  source  convective  Mach  number  and  0  is  angular  position 
measured  from  the  forward  jet  centerline.  By  integrating  the  sound  pressure 
level  at  a  fixed  frequency  over  the  entire  hemisphere,  it  is  found  that  the 
sound  power  of  the  inner  jet  is  reduced  due  to  the  presence  of  the  shielding 
jet.  This  demonstrates  that  there  is  a  reduction  in  the  sound  power  with  the 
acoustic  flow  shielding  arrangement,  and  not  simply  a  redirection  of  sound. 

Figure  6-13  shows  typical  directivity  plots  of  the  source  sound  pressure 
level  reduction  due  to  acoustic  shielding  for  two  shielding  jet  flow  segmen¬ 
tation  configurations.  The  difference  in  sound  level  reduction  among  the 
various  shielding  jet  flow  segmentation  arrangements  is  minimal.  The  effects 
of  temperature  and  velocity  of  the  shielding  jet  flow  on  acoustic  shielding 
are  observed  in  Figures  6-14  and  6-15.  The  shielding  jet  flow  segmentation 
dependence  is  again  minimal.  The  amount  of  shielding  for  the  moving  sound 
source  increases  as  the  temperature  and  velocity  of  the  shielding  jet  flow 
increase.  The  correlation  of  the  source  sound  power  reduction  in  dB  and 
temperature  or  velocity  of  the  shielding  jet  appears  to  be  linear  in  the 
temperature  and  velocity  ranges  tested. 


6 . 2  THEORY-DATA  COMPARISONS 


The  theoretical  far  field  radiation  pattern  for  a  convecting  source 
placed  on  the  centerline  of  an  annular  jet  is  derived  in  subsection  4. 2. 2. 2. 
For  the  purpose  of  the  theory/data  comparisons  shown  in  Figures  6-13  through 
6-15,  the  magnitude  of  the  square  of  the  pressure  [the  acoustic  pressure  is 
given  by  equation  (89)]  is  normalized  by  that  of  a  freely  convecting  source. 
The  coefficient  D'  of  equation  (89)  is  given  by  equation  (77b),  where  in  the 
evaluation  of  the  latter  quantity  the  Correspondence  Principle  (section 
4. 2. 2. 3)  is  observed.  For  a  freely  convecting  source,  D'  =  i/2.  Thus 
(ASPL)theory  =  10  l°810|p/po|2  where  pG  is  the  acoustic  pressure  of  the 
freely  convecting  source.  The  experimental  value  of  ASPL  is  the  difference 
in  SPL  between  the  unshielded  and  shielded  source. 

The  results  in  Figure  6-13  show  that  the  difference  in  the  acoustic 
pressure  of  a  shielded  and  unshielded  source  is  negligible  at  relatively 
large  angles  to  the  jet  axis.  At  shallow  angles,  the  difference  becomes 
larger  and  larger  as  the  angle  decreases.  There  is  a  slight  overestimation 
of  the  shielding  at  20°  to  the  jet  axis;  this  minor  discrepancy  can  be 
attributed  to  the  overidealization  of  the  effects  of  a  real  jet  by  a  slug 
flow  profile.  In  general,  there  is  good  qualitative  agreement  between  theory 
and  experiment. 

In  Figure  6-14  the  difference  in  sound  pressure  level  (ASPL)  is  shown  as 
a  function  of  shielding  jet  temperature  for  a  fixed  jet  velocity  (Vj  ■  850 
fps)  and  at  a  fixed  source  Strouhal  number  (A  =  8.4).  In  general,  acoustic 
shielding  increases  with  annular  jet  temperature.  Note  that,  because  the 
slug  flow  theory  overestimates  shielding  at  shallow  angles  to  the  jet  axis, 
only  the  slope  of  the  theoretical  curve  is  correct.  The  absolute  level  has 
been  adjusted  to  pass  through  the  first  set  of  experimental  points.  Of 
course,  the  most  important  quantity  is  the  slope,  because  it  leads  to  the  so- 
called  density  exponent  for  hot  jets. 


611 


Figure  6-13.  SPL  Shielding  at  a/b  0.85,  T.  =  480®  R,  V  =  840  fps 
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Shielding  Jet  Flow. 


The  results  shown  in  Figure  6-15  are  similar,  except  the  annular  jet 
velocity  is  varied  at  a  fixed  jet  temperature.  The  slope  of  the  theoretical 
curve  is  again  predicted;  its  absolute  level  is  adjusted  to  obtain  a  best  fit 
to  the  data.  There  is  good  agreement  again;  acoustic  shielding  generally 
increases  with  jet  velocity. 

A  number  of  qualitative  remarks  can  also  be  made  for  the  radiated  power 
given  by  equation  (79)  of  a  convecting  source  on  the  axis  of  an  annular  jet 
as  stated  earlier  in  subsection  (4.22.1.5). 

With  reference  to  Figure  4-15,  the  radiated  power  of  a  shielded  source 
decreases  with  frequency;  it  decreases  with  increasing  jet  Mach  number  and 
increasing  jet  thickness.  The  power  also  decreases  with  increasing  tempera¬ 
ture.  The  experimental  verification  of  some  of  these  remarks  can  be  seen  in 
Figure  6-12. 

6.3  CONCLUSIONS 

Based  on  the  experimental  results  and  theory/data  comparisons  described 
in  Section  6.2,  the  conclusions  from  the  acoustic  shielding  experiments  can 
be  summarized  as  follows: 

1.  Trends  of  the  experimental  results  from  both  a  stationary  and  a 
moving  source  agree  reasonably  with  the  predictions  from  slug  flow 
theory  (described  in  Section  4.2.2). 

2.  Acoustic  shielding  provides  a  genuine  reduction  in  the  sound  power 
instead  of  merely  a  redirection  of  sound. 

3.  Shielding  occurs  mostly  at  shallow  angles  (0<5O°)  and  increases  as 
the  angle  decreases. 

4.  Shielding  increases  with  temperature,  velocity,  and  thickness  of 
the  annular  shielding  jet  flow. 

5.  The  angular  extent  of  shielding  increases  with  the  thickness  of  the 
shielding  jet. 

6.  Minimal  effect  of  shielding  on  the  moving  sound  source  at  90°  from 
the  jet  forward  centerline  is  observed,  especially  with  a  room 
temperature  shielding  jet  flow. 

7.  The  type  and  degree  of  segmentation  of  the  shielding  jet  flow 
appears  to  have  minimal  effect  on  shielding. 


615 


7.0  PHYSICAL  SHIELDING  EXPERIMENTS 


7.1  DESCRIPTION  OF  TEST  PROGRAM  AND  RESULTS 


The  acoustic  suppression  potential  of  a  simple  flat  plate  shield  was 
evaluated  using  a  six  tube  circular  cluster  to  represent  a  typical  multi¬ 
element  suppressor.  This  portion  of  the  effort  was  not  meant  to  be  a  com¬ 
prehensive  study  of  physical  shielding,  but  rather  to  highlight  the  more 
important  parameters  involved  in  shielding  a  circular  cluster  of  jets  by  a 
flat  plate.  These  tests  were  carried  out  at  the  General  Electric  CRD  Hot 
Jet  Noise  Facility.  The  shield  width  was  held  fixed  while  the  length  and 
offset  from  the  cluster  centerline  were  adjustable.  Three  shield  lengths 
and  three  offsets  were  used  at  five  different  combinations  of  velocity  and 
temperature.  Rather  than  carry  out  a  full  factorial  experiment,  it  was  de¬ 
cided  to  investigate  only  the  most  interesting  features.  It  was  felt  that 
except  for  supercritical  flow  conditions,  the  changes  in  the  axial  source 
distribution  of  the  cluster  caused  by  jet  velocity  and  temperature  would  be 
of  less  interest  than  the  geometrical  parameters  of  the  shield  and  its  loca¬ 
tion.  Therefore,  in  selecting  the  test  matrix,  only  one  configuration  was 
examined  to  determine  the  effect  of  velocity  (including  supercritical  flows) 
at  a  given  temperature,  and  the  effect  of  temperature  at  a  subsonic  velocity. 
Then  at  a  given  thermodynamic  condition,  the  shield  length  and  offset  were 
varied.  Figure  7-l(a)  illustrates  the  test  matrix.  The  shield  length  L, 
is  measured  from  the  nozzle  base  plate,  located  six  inches  upstream  of  the 
nozzle  tube  exit  plane.  Figure  7—1 (b )  illustrates  the  geometry  of  the  ex¬ 
periment. 


7.1.1  Results 

For  any  given  jet  velocity  and  temperature,  the  reduction  in  the  noise 
of  a  small  (D/d  =  3)  six  tube  cluster  jet  plume  observed  in  the  shielded 
plane  depends  on  the  frequency,  angle  to  the  jet  axis,  and  the  shield  length 
and  offset.  For  a  fixed  shield  length,  the  effect  of  emission  angle  and 
frequency  is  shown  in  Figures  7-2,  7-3,  and  7-4.  Generally,  only  the  high 
frequency  sources  close  to  the  nozzle  exit  plane  are  effectively  shielded. 

This  shielding  increases  as  the  observer  moves  away  from  the  jet  axis,  and 
approaches  15  to  16  dB  at  high  frequencies,  at  right  angles  to  the  jet  center- 
line.  The  difference  sound  pressure  level,  ASPL  =  SPL  (ip  =  180°)  -  SPL 
(ip  =  0°  ) ,  is  also  very  sensitive  to  shield  length,  as  shown  in  Figure  7-5.  The 
interdependence  of  emission  angle  and  shield  length  shown  on  Figure  7-5  is  in 
general  agreement  with  a  ray  acoustics  viewpoint.  There  is  very  little  differ¬ 
ence  between  the  measurements  taken  at  ^  =  90°  and  ^  =  180°,  as  seen  in  Figures 
7-2,  7-3,  and  7-4. 

On  a  difference  power  level  basis,  APWL,  the  effect  of  shield  length  is 
not  quite  as  dramatic  as  for  the  ASPL  results,  as  seen  in  Figure  7-6.  Shield 
offset  also  plays  an  important  role  (increasing  the  offset  from  s  =  6  inches 
to  s  =  9  inches  reduces  the  shielding  from  APWL  =  8.3  dB  to  3.7  dB  in  Figure 
7-6). 


Jet  velocity  and  temperature  effects  are  not  significant  except  in  the 
case  of  supercritical  flow,  as  shown  on  Figure  7-7,  where  a  2  dB  decrease  in 
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Figure  7-1  (b).  Geometry  of  Experiment. 
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Figure  7-5.  F.ffect  of  Shield  Length  and  Emission  Angle 
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Figure  7-9.  Power  Spectra,  Medium  Offset  High  Subsonic. 
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Figure  7-10.  Power  Spectra,  Medium  Offset  Subsonic 
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Figure  7-11.  Power  Spectra,  Medium  Offset  Supersonic. 
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shielding  occurs  from  subsonic  to  supersonic  flow.  This  decrease  is  thought 
to  be  due  to  the  lengthening  of  the  noise  source  distribution  which  causes  an 
unmasking  of  the  noise  sources. 

At  subsonic  velocities,  the  effect  of  jet  temperature  is  very  slight  as 
can  be  seen  on  Figure  7-8.  The  effect  of  jet  temperature  and  velocity  on  the 
power  spectrum  can  be  seen  on  Figures  7-9,  7-10,  and  7-11.  A  reduction  in 
shielding  in  the  midrange  of  frequencies  is  observed  for  the  supersonic 
velocity  (Figure  7-11),  in  line  with  the  earlier  conjecture  on  the  noise 
source  lengthening  with  supersonic  flow.  When  the  shield  offset  is  increased, 
as  in  Figure  7-12,  the  principal  effect  is  a  uniform  increase  in  noise 
throughout  the  shielded  portion  of  the  power  spectrum. 

7.2  THEORY-DATA  COMPARISONS 


7.2.1  Multitube  Suppressor  and  Flat  Plate  Shield  Experiments 


This  section  attempts  to  apply  the  results  of  the  theory  of  Section 
4.8.1  to  the  data  obtained  in  Section  7.1.1.  A  simple  analytical  model  is 
adopted  for  describing  the  axial  noise  source  distributions.  It  can  be 
assumed  that  the  six  jet  cluster  employed  in  Section  7.1.1  has  a  noise  signa¬ 
ture  which  is  essentially  six  times  the  noise  emitted  by  any  one  jet  (except 
possibly  at  very  shallow  angles  to  the  jet  axis  and  at  low  frequencies  where 
physical  shielding  effects  are  not  very  important). 


For  subsonic  jets,  an  approximate  relationship  giving  the  peak-noise 
frequency  f  generated  by  an  axial  station  located  a  distance  x  from  the 
nozzle  exit  plane  is  given  by  Howes,  et  al.(106)  as 


—  =  (i.25  -) 
V  '  d' 


-1.22 


(375) 


It  is  well  known  that  Noise  generation  occurs  further  and  further  downstream 
of  the  nozzle  exit  plane  as  the  jet  Mach  number  increases,  Motsinger  and 
Sieckman(36)  show  that  equation  (375)  must  be  modified  to: 


fD 

V 


(1.25) 


-1.22 


(376) 


where  xo/D  =  4M  ’  where  M  is  the  jet  Mach  number.  In  the  present  applica¬ 
tion  (barely  sonic  jets),  both  equations  (375)  and  (374)  are  used,  with  xq/D 
=  4  in  the  latter. 


The  six  jets  are  modeled  as  shown  in  Figure  7-13  as  linear  radiators. 
Motsinger  and  Sieckman(36)  show  that,  for  a  given  frequency  band  f,  the 
actual  distribution  of  the  noise-per-unit  length  at  f  is  a  unique  function  of 
(x/xp) ,  where  Xp  is  the  axial  location  at  which  the  noise  level  per  unit 
length  is  maximum  at  frequency.  Motsinger  and  Sieckman  sketch  the  unique 
function,  but  a  rough  approximation  is  to  assume  that  the  distribution  varies 
as  (x/xp)0*8  for  x  <  xp,  and  as  (x/xp)“2  for  x  >  xp.  These  relations  determine, 
for  a  given  frequency,  the  axial  distribution  of  noise  sources  radiated  from 
each  of  the  six  jets  in  Figure  7-13.  Equation  (323)  can  be  directly  applied 
to  predict  the  ASPL  due  to  the  shield  as  a  function  of  frequency  and  0j . 

Note  however,  that  if  the  source-observer  geometry  is  such  that  the  observer 
is  not  in  the  shadow  of  the  source,  equation  (323)  does  not  apply,  and 
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Figure  7-13.  Linear  Radiator  Model  of  Shielded  Cluster. 


physical  shielding  is  assumed  to  be  zero.  Also,  equation  (323)  is  not 
uniformly  valid  as  <f)  tends  to  (it  +  <f>g)  (i.e.,  observer  approaching  the  edge 
of  the  shadow).  This  situation  is  handled  by  assuming  that,  the  attenuation 
is  at  least  6  dB.  For  $  >  (tt  +  (Jig),  i.e.,  the  observer  is  truly  within  the 
shadow  of  the  source.  The  jet  is  treated  as  an  assemblage  of  independent 
radiators  at  each  axial  slice.  The  jets  are  broken  up  for  numerical  purposes, 
into  axial  slices  which  are  one  diameter  thick,  and  the  integration  is  carried 
out  for  40  diametars  along  the  jet  axis.  Each  of  the  six  jets  is  treated 
as  an  independent  radiator. 

A  Boeing  study,  D.G.  Dunn,  et  al.(107),  examines  physical  shielding  of 
engine  turbomachinery  noise  sources  by  wings  with  considerable  analysis 
devoted  to  edge  interaction  noise  due  to  jet  flows  in  close  proximity  to  the 
shield.  Their  method  of  approach  to  estimate  the  physical  shielding  of  jet 
noise  was  to  examine  the  applicability  of  the  empirical  expression  for  the 
shielding  derived  by  VonGlahn,  et  al.(108),  based  on  studies  with  a  cold 
flow  jet  placed  near  a  shielding  surface.  This  correlation  method  is  shown 
to  be  able  to  predict  the  measured  shielding  to  within  +2.5  dB.  The  method 
proposed  in  the  Boeing  study  is  not  comparable  to  that  proposed  herein  since 
the  present  method  proceeds  more  or  less  directly  from  first  principles, 
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while  the  Boeing  study  examines  the  applicability  of  a  correlation  method 
based  on  test  data  from  one  study,  VonClahn,  et  al. (108)  to  their  own 
results. 
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In  wiiat  follows,  theory-data  comparisons  are  carried  out  both  with  the 
General  Electric  method  (developed  in  this  report  and  explained  earlier) 
and  with  the  Boeing-VonGlahn  correlation  .  Both  of  these  comparisons  are 
shown  in  Figures  7-14  and  7-15.  However,  the  discussion  of  how  these  com¬ 
parisons  fared  will  be  carried  out  separately.  The  next  six  paragraphs  dis¬ 
cuss  the  GE  method,  and  the  last  paragraph  discusses  the  Boeing-VonGlahn 
method.  Since  the  Boeing-VonGlahn  recommendation  is  to  estimate  the  shielding 
with  a  mean  line  with  an  estimated  +  2.5  dB  confidence  limit,  the  results  of 
applying  this  method  are  shown  as  a  predicted  band  in  Figures  7-14  and  7-15. 

In  the  results  shown  in  Figures  7-14  and  7-15,  the  data  points  depicting 
the  shielding  effect  are  interpreted  by  looking  at  the  ASPL  between  \p  =  180° 
and  =  0°  in  Figures  7-2  through  7-5.  For  the  GE  theory,  both  the  assump¬ 
tions  X()/D  =  0  and  xq/D  =  4  were  tested.  As  shown  on  Figures  7-14 (b),  7-14 (c) , 7-15 (b) 
and  7-15(c),  the  agreement  at  Oj  =  60°  and  90°  with  the  theoretical  predic¬ 
tions  is  remarkable,  considering  the  rather  straightforward  (simplistic) 
modeling  of  the  axial  source  distributions  in  the  six  jets. 

As  shown  in  Figures  7-14(a)  and  7-15(a),  at  9j  =  30°,  the  measured 
shielding  at  this  shallow  angle  is  considerably  greater  than  that  predicted 
by  the  theory,  even  with  xq/D  =  0.  An  additional  calculation,  assuming  that 
radiation  at  ip  =  180°  is  enhanced  by  3  dB  due  to  a  "reflection"  effect  of  the 
barrier,  is  also  presented.  This  improves  the  theory-data  comparison  below 
10  kHz,  but  the  general  shapes,  etc.,  in  both  Figures  7-14(a)  and  7-15(a) 
still  appear  to  be  at  variance  with  the  data.  One  explanation  for  the 
discrepancy  is  that  a  pressure  deficit  develops  due  to  the  greater  impedi*ent 
to  the  jet  entrainment  on  the  side  where  the  flat  plate  shield  is  located, 
causing  the  jet  flow  to  attach  to  the  plate.  Such  an  asymmetric  velocity  and 
temperature  profile  would  produce  greater  fluid  shielding  in  the  plane  ijj  =  0° 
as  opposed  to  the  plane  p  =  180°.  This  speculation  requires  both  experimental 
and  theoretical  verification. 

Figure  7-6  shows  the  reduction  in  PWL  attenuation  at  10  kHz  for  V  =  1650 
fps,  Tj  =  1500°  R,  and  L  =  18",  in  going  from  s  =  6"  to  s  =  9".  The  measured 
reduction  in  PWL  attenuation  is  4.5  dB.  The  predicted  reduction  in  SPI. 
attenuation  for  0j  from  30°  to  90°  due  to  this  reduction  is  tabulated  below: 
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Figure  7-14.  Comparison  of  Predicted  and  Measured  Shielding  Attenuatio 
for  6-Tube  Cluster,  V.  =  1500  fps  (Concluded). 
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Figure  7-15.  Comparison  of  Predicted  and  Measured  Shielding 
Attenuation  ofr  6-Tube  Cluster,  V  =  1650  fps 
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Attenuation 


The  directivity  of  the  noise  at  10  kHz  shows  the  SPL  peaking  between  0j  - 
40°  and  6j  *  60°  (it  is  flat  to  ±1  dB  over  this  angular  range),  and  on  this 
basis  one  would  roughly  expect  a  reduction  in  PWL  attenuation  of  2.5  dB  as 
compared  to  the  measured  value  of  4.5  dB. 

Figure  7-7  shows  that  the  measured  reduction  in  PWL  attenuation  is  about 
2  dB  at  10  kHz  when  jet  velocity  is  raised  from  1500  to  2200  fps  at  Tj  of 
1500°  R,  L  *  1&",  and  s  *  6".  The  predicted  reduction  in  attenuation  due  to 
this  velocity  increase  is  0.1,  2.7,  and  2,3  dB  at  6j  -  30°,  60%  and  90°, 
respectively. 

Except  for  underestimation  of  the  attenuation  at  0j  *  30° ,  the  physical 
shielding  theory  of  Section  4.8.1,  used  in  conjunction  with  the  axial  source 
distribution  correlations  of  Motsinger  and  Sieckman^6)>  appears  to  predict 
reasonably  well  the  measured  shielding  effects.  The  agreement  holds  for 
variations  with  0  j ,  f,  L,  s,  and  jet  velocity. 

Since  the  aeroacoustic  prediction  method  of  chapter  4  proceeds  from  the 
noise  contribution  of  each  elemental  volume  of  the  jet,  it  should  be  an  easy 
matter  to  additively  integrate  the  results  of  Section  4.8.1  to  produce  a 
prediction  procedure  which  includes  the  effects  of  a  wing-like  shield. 

Finally,  this  chapter  is  concluded  by  discussing  the  theory-data  comparison 
using  the  Boeing-von  Glahn  correlation.  As  can  be  seen  in  Figures  7-14  and  7-15, 
this  method  generally  under-estimates  the  measured  shielding,  even  after  allowing 
for  the  ±  2.5  dB  estimated  confidence  limit.  The  chief  reason  for  this  under¬ 
estimation  is  believed  to  be  the  lack  of  accounting  of  the  parameter  s/D  (see 
Figure  7-13)  in  this  method.  In  Reference  107,  a  better  theory-data  agreement 
than  evident  here  was  demonstrated  for  tests  with  a  21  tube  nozzle  configuration, 
but  for  s/D  ■  13.7,  whereas  in  Figures  7-14,  7-15,  s/D  is  approximately  7. 

Since  decreasing  s/D  does  increase  shielding  benefits,  there  is  no  contradiction 
between  the  results  of  Reference  107  and  those  shown  in  Figures  7-14  and  7-15. 

The  comparison  does,  however,  point  out  the  need  to  account  for  the  s/D 
parameter  —  a  deficiency  of  the  Boeing-von  Glahn  method  acknowledged  in 
Reference  107.  Even  the  slopes  of  variation  of  shielding  with  frequency  and 
shield  length  are  not  very  well  predicted  by  the  Boeing-von  Glahn  method.  This 
deficiency  is  apparently  due  to  a  failure  to  account  for  the  virtual  source 
distribution  of  jets,  i.e.,  the  need  to  recognize  that  high  frequency  sources  are 
located  closer  to  the  nozzle  exit  plane  than  low  frequency  sources.  This  feature 
is  fully  allowed  for  in  the  GE  method.  The  conclusion  from  the  comparative 
evaluation  of  the  two  methods  is  that  if  good  estimates  can  be  made  of  the 
source  distributions  in  the  jet  plume,  a  first  principles  based  diffraction 
model  approach  is  the  best  approach  to  estimate  physical  shielding  benefits. 
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8.0  OTHER  TOPICS 


This  section  contains  a  survey  of  several  items  whose  relevance  to  jet 
noise  has  not  been  totally  clear.  These  items  include  lip  noise,  orderly 
structure,  jet  noise  suppression  by  the  use  of  particle  or  fluid  additives, 
etc.  The  studies  were  probing  in  nature,  rather  than  comprehensive.  The 
fluid  injection  and  physical  obstruction  noise  efforts  were  primarily  liter¬ 
ature  surveys.  Static  lip  noise  was  studied  extensively.  A  wind-on  lip 
noise  investigation  was  contaminated  by  unexpected  valve  noise.  Experiments 
were  carried  out  to  a  sufficient  extent,  however,  to  substantiate  that  there 
is  no  significant  lip  noise  at  jet  velocities  above  1000  fps.  Orderly  struc¬ 
ture  experiments  failed  to  establish  any  direct  relevance  to  far-field  jet 
noise.  No  novel  jet  noise  suppression  concept  is  evident  from  these  studies. 
A  planned  analytical  ejector  aero-acoustic  effort  failed  because  a  suitable 
analysis  to  predict  ejector  aerodynamics  at  takeoff  conditions  does  not 
exist.  The  Task  3  report  contains  details  of  an  empirical  ejector  noise 
prediction  which  must  be  used  until  the  theoretical  aerodynamics  can  be 
modeled. 


8.1  LIP  NOISE 


The  objective  of  this  study  was  to  determine  the  relative  contribution 
to  far-field  noise  of  incident  turbulence,  separated  flow,  and  vortex  shed¬ 
ding  from  nozzle  surfaces.  All  the  activities  were  conducted  under  the  direction 
of  Dr.  T.E.  Siddon  of  the  University  of  British  Columbia.  A  causality  technique 
was  used  to  correlate  nozzle  surface  pressures  with  far-field  sound  pressures. 
Important  parameters  include  (1)  shape  of  the  convergent  section  of  the  nozzle, 
(2)  nature  and  thickness  of  the  boundary  layer  at  the  nozzle  exit  plane  (laminar 
or  turbulent),  (3)  lip  thickness,  and  (4)  level  of  incident  turbulence.  The 
effects  of  external  flow  on  the  radiated  lip  noise  were  also  studied. 

8.1.1  Fundamental  Lip  Noise  Mechanisms 

8. 1.1.1  Background 

One-third  octave  jet  noise  data  often  appear  to  display  a  rise  to  a 
maximum  plateau  in  the  high  frequencies,  particularly  near  90°  to  the  jet 
axis  (see  References  109,  110,  111,  and  112).  When  jet  noise  model  data  are 
recorded  at  values  of  log  fD/Vj  greater  than  0.4  (frequencies  above  40  kHz), 
a  distinct  second  maximum  is  apparent  (attributed  to  lip  noise)  as  shown  in 
Figure  8-1.  Since  these  higher  model  scale  frequencies  translate  into  the 
3,000  to  12,000  Hz  frequency  range  when  converted  to  full  scale,  the  noise 
levels  could  be  significant  for  certain  subjective  noise  assessments. 

A  set  of  hypothetical  spectral  pairs  has  been  postulated  for  each  of 
the  three  spectra  shown  in  Figure  8-1  in  order  to  roughly  separate  the  high 
frequency  "hump”  from  legitimate  Jet  noise.  The  total  SPL  inherent  jet  noise 
and  the  excess  noise  are  deduced  separately  by  summing  the  energy  in  each 
band  (plotted  on  Figure  8-4).  The  excess  noise  begins  to  become  important  at 
the  lower  Mach  numbers,  even  though  the  data  are  for  basically  clean  jet 
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Figure  8-1.  Normalized  90®  Spectra  as  a  Function 


flows.  Whether  or  not  such  a  spectral  separation  Is  realistic,  and  whether 
the  excess  noise  fraction  radiates  from  the  vicinity  of  the  nozzle  lips  re¬ 
mains  to  be  determined. 


If  one  adopts  the  hypothesis  that  the  double-humped  spectral  signature 
is  a  consequence  of  induced  unsteady  pressure  fluctuations  at  the  trailing 
edges  of  the  nozzle  lips,  arising  from  unsteady  fluctuations  of  the  shear 
layer  boundary,  then  dipole-like  radiation  should  result,  and  its  effect 
should  become  increasingly  prominent  with  reduction  in  jet  velocity,  due  to 
its  tendency  to  vary  roughly  as  V^.  The  curves  in  Figure  8-2  show  an  in¬ 
crease  in  the  relative  importance  of  the  nozzle  noise  at  lower  velocities. 
Further  enhancement  of  this  nozzle  noise  should  occur  if  the  internal  nozzle 
flow  is  made  to  be  unsteady  (i.e.,  turbulent  boundary  layer  or  flow  separa¬ 
tion).  Experiments  reported  herein  tend  to  support  this  reasoning. 

Very  clean  nozzle  jets  also  show  incidence  of  a  high-frequency  hump,  yet 
correlation  experiments  reported  later  indicate  almost  no  contribution  from 
the  lips.  The  alternative  hypothesis  also  seems  reasonable  that  the  process 
of  transition  to  a  turbulent  shear  layer  may  result  in  legitimate  quadrupole 
radiation.  In  the  current  clean  jet  tests,  the  process  of  transition  seems 
to  occur  outside  the  nozzle,  at  a  point  a  few  shear  layer  thicknesses  down¬ 
stream  of  the  exit  plane. 


8. 1.1. 2  Theory 

The  main  diagnostic  tool  used  in  this  investigation  is  the  "causality" 
correlation  technique.  Various  source  fluctuations  are  measured  and  corre¬ 
lated  in  real  time  against  the  overall  sound  pressure  at  a  specified  far 
field  point.  The  use  of  this  technique,  as  well  as  several  experimental 
precedents  have  been  reported  in  the  literature(H3, 114,115, 116) t 

In  this  case,  one  correlates  the  time-delayed  pressure  fluctuations, 
sensed  over  the  nozzle  lips  with  the  far-field  sound.  From  these  correla¬ 
tions  it  is  possible  to  predict  the  portion  of  the  far-field  radiation  asso¬ 
ciated  with  the  nozzle  surface  pressure  fluctuations. 


Analytical  Frame  Work 


According  to  Curie's  generalized  solution  of  Lighthill's  aerodynamic 
noise  equation,  the  total  far  field  pressure  radiated  from  a  fluid  noise 
source  field  can  be  approximated  by: 

P(r’C)  =  4^  f  [p%]dS+^T~  f[~ 97  (fi  +  puiun)]dS  + 

S  11  r  3o  s 
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where: 


square  brackets  denote  evaluation  at  retarded  time, 

r  is  the  vector  pointing  from  the  source  region  to  the  far-field  point. 

The  surface  integrals  are  associated  with  noise  generation  by  interaction 
between  the  fluid  and  the  control  surface  S  (real  or  imaginary)  which  may  de¬ 
form  with  arbitrary  surface  velocity  un  and  may  experience  local  stress  fluc¬ 
tuations  f^.  This  surface  generated  noise  is  sometimes  referred  to  as  ex¬ 
cess  noise,  since  it  adds  to  the  turbulence  generated  jet  noise,  and  is  re¬ 
ferred  to  herein  as  nozzle  lip  noise. 

To  ensure  that  the  control  surface  S  contains  the  region  of  primary  lip 
noise  generation,  a  surface  is  chosen  as  shown  in  Figure  8-3(a) . 


If  the  nozzle  surfaces  are  rigid  (un  =  0) ,  then  the  excess  acoustic  pres¬ 
sure  sensed  in  the  far  field  can  be  written: 
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Where  ps  is  the  local  surface  pressure  and  approximates  fi  ,  the  local 
resultant  stress;  <j>  is  the  angle  between  the  surface  normal  n  and  the  direc¬ 
tion  of  far-field  emission  Isee  Figure  8-3(b)].  Individual  elements  of  the 
above  integral  represent  discrete  dipole  radiators. 

It  is  likely  that  lip  noise  sources  are  concentrated  very  close  to  the 
exit  plane.  This  means  that  the  surface  source  strength  should  fall  to 
insignificant  values  within  a  wavelength  or  so  of  the  exit  plane.  If,  in  this 
region,  the  nozzle  contour  is  relatively  parallel  to  the  z-axis,  then  one  can 
make  the  approximations: 


cos  <f>  -  cos  e  sin  0;  and  at  0  =  90°,  cos  <*>  -  cos  e. 


In  causality  formalism  (after  Reference  114)  both  sides  of  the  solution 
integral  are  multiplied  by  the  far-field  pressure  p(_r,t')  evaluated  at  a  dif¬ 
ferent  time  t'.  After  time  averaging,  one  can  obtain: 
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When  statistical  stationarity  is  assumed  (see  Reference  113) : 


PP  s(t)  = 


-1 


4irra 


r 

9  -  ,  v 

I  cos  <f> 

c 

97  PsP  (T) 

dS,  where  t  =  t'-t. 


(380) 


♦Shear  stress  fluctuations  can  safely  be  neglected,  relative  to  normal  stress 
fluctuations  (pressure),  for  most  cases  of  flow  at  relatively  high  Reynolds 
number  (see  Reference  112) .  642 


Figure  8-3(b).  Coordinate  System  Used 
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Thus,  the  autocorrelation  of  the  excess  far-field  sound  depends  upon 
the  integral  distribution  of  the  surface  pressure  far-field  causality  func¬ 
tions. 

The  autocorrelation  of  a  local  source  contribution  is  given  by  the  dif¬ 
ferential  form  of  equation  (380).  If  t  is  set  equal  to  zero,  the  acoustic 
contribution  from  each  unit  of  nozzle  surface  area  is: 
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It  is  expected  that  only  those  elements  of  surface  which  undergo  sub¬ 
stantial  pressure  fluctuations  in  the  direction  of  jr  will  contribute  to  the 
total  noise.  This  fact  is  emphasized  by  the  multiplicative  factor  cos  4>, 
which  means  that  those  surface  elements  which  lie  more-or-less  normal  to  the 
direction  of  radiation  £  will  be  the  dominant  radiators. 

In  Reference  113,  it  is  shown  that  the  spectrum  of  p  (_r, t)  may  be  found 
by  taking  the  Fourier  cosine  transform  of  equation  (380): 

00 
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This  gives  the  local  source  spectrum,  or  the  fraction  of  <j>  (u>)  associated 
with  unit  surface  area  at  the  point  where  ps  was  measured.  Thus  the  complete 
spectrum  is  built  up  by  superposition  of  elementary  spectra  from  all  points 
on  the  surface. 


8. 1.1. 3  Possible  Nozzle  Noise  Mechanisms 


In  the  absence  of  any  significant  experimental  conclusions  about  lip 
noise  operating  mechanisms,  it  is  useful  to  hypothesize  a  variety  of  flow 
conditions  which  could  result  in  noise  emission  from  the  trailing  extremities 
of  the  nozzle.  Several  possible  lip  noise  mechanisms  are  discussed  below. 
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Condition:  Smooth  Approach  Flow/Laminar  Boundary  Layer 

Boundary  layer  transition  occurs  outside  the  nozzle  (Figure  8-4)  for  this 
hypothesized  correlation.  The  initial  shear  layer  is  laminar.  The  transition 
distance  in  a  laminar  shear  layer  is  unknown,  but  will  generally  depend  on  the 
Reynold's  number,  boundary  layer  state,  and  nozzle  geometry.  Limited  experi¬ 
mental  data,  supported  by  shear  layer  stability  analysis  (e.g.,  see  Reference 
112),  suggest  that 

xt  =  50  6e 

where  Sq  is  the  momentum  thickness  of  the  initial  shear  layer  at  the  exit 
plane  (x  =  0) .  Unlike  the  case  of  transition  in  a  laminar  boundary  layer, 
the  shear  layer  transition  does  not  appear  to  occur  at  a  unique  Reynolds 
number . 


Reference  112  also  suggests  that  the  frequency  of  the  periodic  transi¬ 
tional  waves  (which  begin  to  occur  within  a  distance  xt  from  the  exit  plane) 
can  be  predicted  from  the  formula: 
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C.rosche  shows  a  shadowgraph  of  a  2-cm  jet  of  air  operating  at  Mj  =0.7 

wavelets  of  about  1  to  2  mm  wavelength  appear  to  develop,  in  circumferential 
bands,  at  a  distance  1  to  2  mm  downstream  of  the  exit  plane.  An  increase 
of  noise  emanating  from  the  exit  plane  region  of  the  jet  is  believed  by 
Grosche  to  be  caused  by  ring  vortices  or  similar  disturbances  in  the  laminar/ 
turbulent  transition  region,  or  its  vicinity. 

The  process  of  turbulent  evolution  through  transition  follows  from  the 
birth  of  the  unstable  waves;  these  quickly  distort  into  discrete  vortices  by 
nonlinear  amplification  (see  Reference  118).  The  entire  process  occurs  with¬ 
in  approximately  the  first  jet  diameter  and  may  constitute  a  spatially  com¬ 
pact  and  highly  efficient  source  of  aerodynamic  noise.  The  radiation  effi¬ 
ciency  is  especially  good  if  the  evolving  structures  have  a  high  degree  of 
circumferential  symmetry. 

If  the  unstable  wavelets  develop  very  close  to  the  nozzle,  there  is  also 
the  potential  for  inducing  substantial  levels  of  fluctuating  pressure  on  the 
extremities  of  the  nozzle  surface  (Figure  8-5) .  The  initial  laminar  shear 
layer  distorts  and  oscillates  as  a  compliant  boundary  would. 


Figure  8-5.  Exit  Plane  Instability. 
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A  "hinge"  effect  occurs  at  the  rigid  lip  of  the  nozzle;  alternate  acceler¬ 
ations  and  decelerations  are  imposed  by  the  time-varying  boundary  condition. 
These  are  accompanied  by  a  fluctuating,  inertially  induced  pressure  distur¬ 
bance  acting  on  the  internal  nozzle  surface.  The  radiation  power  of  this 
mechanism  is  unknown  at  this  time.  However,  Grosche^^ ^  notes  that,  upon 
inserting  a  "turbulence  ring"  in  the  nozzle,  some  distance  upstream  of  the 
exit  plane,  the  excess  "lip  noise"  appeared  to  be  reduced  substantially, 
presumably  because  it  helped  to  destroy  the  strong  circumferential  coherence 
in  the  wavelet  pattern. 

By  combining  equations  (385)  and  (386)  with  the  assumption  that  x=l-*-2D 
in  equation  (386)  the  frequency  of  the  shear  layer  instability  can  be  pre¬ 
dicted  approximately  from: 


50/VD 


(387) 


If  this  instability  contributes  to  the  acoustic  spectrum,  the  contribu¬ 
tion  should  be  of  fairly  narrow  bandwidth,  and  centered  on  the  following 
frequencies,  for  a  room  temperature  free  air  jet: 


0.2 

0.4 

0.6 

0.8 

1.0 

fD=2  cm 

20  kHz 

60  kHz 

112  kHz 

170  kHz 

240  kHz 

^D=50  cm 

4  kHz 

12  kHz 

22  kHz 

34  kHz 

48  kHz 

These  frequency  predictions  above  are  only  nominal  estimates;  the  actual 
values  may  be  higher  or  lower  by  50%  or  more,  depending  on  the  actual  momentum 
thickness  at  the  exit  plane.  For  a  full-size  jet  (D=50  cm)  exhausting  near 
Mj  =  1,  the  shear  layer  instability  would  be  well  into  the  ultrasonic  range, 
and  probably  of  little  consequence  to  the  subjective  noise.  Furthermore, 
there  is  little  likelihood  of  a  laminar  boundary  layer  and  smooth  core  flow 
in  a  real  engine  exhaust. 


Condition:  Smooth  Approach  Flow/Transition  Near  Exit  Plane 


If  one  assumes  that  the  nozzle  cone  affords  an  optimum  inlet  contour 
and  sufficiently  smooth  surface  for  the  initiation  of  a  laminar  boundary 
layer,  the  boundary  layer  transition  distance  may  be  deduced  from  the  well 
known  transition  Reynolds  number: 

.. 


Rex*  « 


400  -*■  600 


(388) 
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This  range  is  based  on  the  flat  plate  transition  experiments  of 
Schubauer  and  Skramsted,  and  the  theory  of  C.C.  Lin.  To  apply  in  the  jet 
nozzle,  the  boundary  layer  thickness  6*  must  be  small  compared  to  the  noz¬ 
zle  diameter  D.  The  displacement  thickness  6*  is  given  by: 


g*  _  1.75  x  K 


=  2.5  6, 


/Re„ 


Combining  equations  (388)  and  (389)  yields: 


Re 


xt 


50,000  -v  120,000 


(389) 


(390) 


Thus,  for  free  air  jets  of  2  cm  diameter,  or  50  cm  diameter,  operating 
at  room  temperature,  the  transition  distances  (in  numbers  of  jet  diameters) 
will  be: 


MJ 

0.2 

0.6 

1.0 

(xt/D)2  cm 

0.5  -*■  1.2 

0.17  -v  0.4 

0.10  -v  0.24 

(xt/D)50  cm 

0.02  -*  0.05 

0.007  0.016 

0.004  -*•  0.01 

Since  most  jet  nozzles  would  have  an  "effective"  boundary  layer  origin 
on  the  order  of  one  diameter  upstream  of  the  exit  plane,  it  is  evident  that 
the  boundary  layer  in  small  model  jets  will  generally  undergo  transition  very 
near  the  exit  plane,  at  low  values  of  Mj .  Transition  may  occur  upstream  of 
the  lip  as  Mj  approaches  unity.  But  for  a  50  cm  nozzle  more  typical  of  a  full- 
scale  jet,  the  boundary  layer  should  always  become  turbulent  well  upstream  of 
the  exit  plane. 

In  the  event  that  Tollmein-Schlichting  (T-S)  waves  do  begin  to  form 
immediately  upstream  of  the  nozzle  lip  (possible  for  a  2  cm  nozzle  as  Mj  ■+•  1)  , 
there  is  a  likelihood  of  vortex  generation  right  at  the  exit  plane  (Figure  8-6). 

This  occurrence  could  lead  to  strong  periodic  pulses  of  negative  pressure 
being  induced  at  the  lip,  as  a  consequence  of  rapid  accelerations  associated 
with  the  "rolling  up"  process.  This  provides  a  mechanism  for  efficient  radia¬ 
tion  of  surface  dipole  noise,  especially  if  there  is  a  substantial  degree  of 
lateral  coherence  in  the  approaching  T-S  wave  patterns. 

The  frequencies  of  the  earliest  forming  T-S  waves  can  be  deduced  from 
Lin’s  stability  analysis  (Reference  119)  which  gives: 

V  ^ 

f  .  48  -J-  x  10"6  Hz  (391) 


V 


_ _ 
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Figure  8-6.  Transition  at  Exit  Plane. 


Hence,  for  a  room  temperature  air  jet: 


M1 

0.2 

0.6 

1.0 

f 

16  kHz 

140  kHz 

400  kHz 

Thus  the  transition/lip  interaction  process  may  be  a  source  of  ultra¬ 
sonic  noise  for  small  diameter  (model)  jets,  but  it  is  not  likely  to  be  present 
with  larger  nozzles. 


Condition:  Smooth  Approach  Flow/Turbulent  Boundary  Layer 

In  a  full-scale  jet  nozzle  (D  -  50  cm)  the  boundary  layer  will  undoubt¬ 
edly  be  turbulent  well  upstream  of  the  exit  plane,  for  reasons  offered  in  the 
previous  discussion.  It  is  known  that  the  largest  eddies  in  a  turbulent 
boundary  layer  have  a  longitudinal  wavelength  of  about  one^boundary  layer 
thickness  6  (roughly  four  times  the  integral  length  scale)  .  The  lateral 
scales  will  be  roughly  1/3  to  1/2  of  this  magnitude.  The  turbulent  structures 
will  pass  the  nozzle  lip  at  a  velocity  of  approximately  60%  of  the  core  jet 
velocity,  and  in  the  process  may  induce  intensified,  but  circumferentially 
localized  pressure  fluctuations  at  the  exit  plane.  These  pressure  fluctua¬ 
tions  result  from  the  random  redirection  of  fluid  as  it  passes  the  nozzle  lip, 
with  possible  "birth"  of  the  initial  shear  layer  eddies  (Figure  8-7) . 


*5  is  the  total  boundary  layer  thickness.  Assuming  a  1/7  power  velocity  pro¬ 
file  5*  *  6/8  and  60  *  6/10 


The  lip  pressure  spectrum  will  be  broadband,  but  with  a  peak  corre¬ 
sponding  to  the  frequency  of  passage  of  the  dominant  energy-bearing  structures 


f 


eddies 


(392) 


Assuming  the  turbulent  boundary  layer  has  a  1/7  power  velocity  profile, 
and  that  it  initiates  roughly  one  diameter  upstream  of  the  exit  plane,  its 
effective  thickness  is  given  by: 


6  s  0.37  D 


-1/5 


(393) 


On  the  basis  of  the  above  assumption,  the  following  quantities  may  be  calcu¬ 
lated  for  an  unheated  air  jet: 


MJ 

0.2 

0.6 

1.0 

m 

6 

fpeak 

0.74  mm 

56  kHz 

0.60  mm 

206  kHz 

0.54  mm 

380  kHz 

D  -  50  cm 

i* 

!  Epeak 

9.8  mm 

4.2  kHz 

7.8  mm 

16  kHz 

7.1  mm 

29  kHz 

Apparently,  the  frequencies  of  natural  boundary  layer  surface  pressures 
are  generally  in  the  ultrasonic  range,  even  for  a  large  jet  nozzle.  Further¬ 
more,  because  of  the  limited  lateral  coherence  of  boundary  layer  "eddies"  (the 
tangential  wavelength  is  on  the  order  of  1/20  to  1/50  of  the  jet  diameter), 
they  probably  represent  a  very  inefficient  source  of  lip  noise.  It  is  possi¬ 
ble  in  fact  that  a  thin  turbulent  boundary  layer  ensures  the  quietest  operat¬ 
ing  condition  for  a  jet  nozzle.  This  is  consistent  with  Grosche's^^)  obser¬ 
vation. 


Condition:  Smooth  Approach  Flow/Internal  Separation 

Poor  nozzle  contour  or  upstream  obstructions  can  lead  to  an  artifical 
thickening  of  the  boundary  layer,  whether  it  be  laminar  or  turbulent.  The 
resulting  internal  pressure  fluctuations  may  have  substantial  lateral 
coherence,  and  the  separated  region  (Figure  8-8)  may  be  thick  enough  at  the 
exit  plane  to  induce  significant  lip  noise,  by  the  process  described  in  the 
previous  discussion.  The  nominal  thickness  of  the  separation  bubble,  and 
whether  or  not  it  reattaches  within  the  nozzle,  will  strongly  influence  the 
nature  of  the  noise.  These  properties  have  a  complex  dependence  on  the 
"shape"  of  the  nozzle  or  obstruction,  on  the  properties  of  the  approaching 
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boundary  layer,  and  on  Mach  number.  However,  one  can  estimate  that  the 
"length"  scale  of  the  resulting  pressure  field  will  be  on  the  order  of  two 
to  four  times  the  obstruction  height,  and  that  the  pressure  field  will  con- 
vect  with  a  velocity  of  50%  to  60%  of  the  free  stream  velocity.  Thus,  the 
spectral  peak  for  lip  pressures  may  be  predicted  by  a  modified  version  of 
equation  (392): 


separation 


0.6Vi 

3d 


(394) 


where  d  is  the  effective  height  of  an  obstruction,  either  real  or  virtual.* 

Thus,  for  an  obstruction  height  of  0.5  mm  the  following  frequencies 
can  be  predicted: 


MJ 

0.2 

0.6 

1.0 

fpeak 

27  kHz 

82  kHz 

140  kHz 

Whether  this  mechanism  is  capable  of  radiating  significant  noise  depends  on 
the  details  of  the  separation  bubble,  particularly  its  lateral  coherence  and 
reattachment  point. 


Condition:  Smooth  Approach  Flow/Internal  Separation  with 
Coherent  "Screech" 


Under  severe  conditions  of  internal  spearation  (especially  where  there 
is  an  axisymmetric  character  to  the  separation  "bubble"),  it  is  possible  to 
generate  a  powerful  nozzle  screech.  This  arises  from  a  resonant  feedback 
loop  involving  the  point  of  initial  separation  and  the  nozzle  lip.  Assuming 
that  the  obstruction  is  in  the  form  of  a  circular  trip  ring  (Figure  8-9), 
an  axisymmetric  ring  vortex,  "born"  earlier  at  the  obstruction  edge,  is 
suddenly  relieved  as  it  passes  the  exit  plane.  At  this  instant,  its  vortic- 
ity  distribution  is  altered  abruptly  in  a  manner  which  sends  a  strong  pulse 
of  acoustic  pressure  back  upstream.  On  interacting  with  the  shear  layer  at 
the  obstruction  edge,  the  pressure  pulse  "triggers"  the  birth  of  a  new  ring 
vortex.  The  fundamental  frequency  of  lip  interaction  is  given  by  the  in¬ 
verse  of  the  sum  of  the  upstream  and  downstream  propagation  times: 


f 


screech 


i  l 


°’6Vj  aj'V) 


0.6M,a./i 


(395) 


Here,  aj  is  the  speed  of  sound  in  the  nozzle  throat. 

_ 

i.e.,  an  obstruction  capable  of  generating  the  same  fully  developed  separa¬ 
tion  bubble  as  a  "poor"  nozzle  contour. 
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Figure  8-9.  Nozzle  Screech  Mechanism. 


Thus,  for  a  path  length  l  2  2  cm  in  a  free  air  jet,  the  fundamental 
screech  frequencies  will  be: 


Mj 

0.2 

0.6 

1.0 

^screech 

1790  Hz 

3250  Hz 

0 

Note  that  the  screech  frequency  approaches  zero  at  both  limits  -*■  0 
and  Mj  -►  1.  At  a  particular  Mach  number,  several  harmonics  of  fscreech  are  PoS~ 
sible,  because  the  feedback  cycle  is  pulsatile,  rather  than  sinusoidal;  i.e., 
the  vortices  may  be  much  smaller  than  their  core-to-core  spacing. 

The  phenomenon  described  above  has  been  observed  to  occur  in  nozzles 
when  trip  rings  of  heights  greater  than  1/2  mm  are  inserted.  The  acoustic 
emission  from  the  lip  rises  to  levels  which  are  substantially  larger  than 
the  pure  jet  noise,  apparently  due  to  the  axisymmetric  nature  of  the  induced 
pressure  field. 


Condition:  Large  Scale  Turbulent  Approach  Flow 

If  large  scale  turbulence  is  present  throughout  the  internal  approach 
flow  it  may  have  a  variety  of  effects,  depending  on  the  shape  of  the  eddies 
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and  the  relative  scale  size  compared  with  jet  diameter.  If  the  unsteadiness 
has  a  scale  larger  than  the  nozzle  diameter  it  will  produce  the  effect  of  an 
acoustic  monopole  (mass  flux  pulsation)  at  the  exit  plane. 


However,  if  the  length  scale  is  somewhat  smaller  than  the  nozzle  diam¬ 
eter,  an  unsteady  edge  fluctuation  will  result,  as  the  pressure  field  is 
suddenly  "relieved"  at  the  exit  plane.  The  process  will  be  similar  to  the 
turbulent  boundary  layer-edge  interaction  illustrated  in  Figure  8-7.  How¬ 
ever,  due  to  the  much  larger  circumferential  extent  of  the  turbulent  struc¬ 
tures,  acoustic  radiation  should  be  much  more  efficient  and  at  substantially 
lower  frequencies  than  for  the  turbulent  boundary  layer.  The  actual  level  of 
excess  noise  generated  will  depend  on  the  turbulence  intensity  and  ratio  of 
scale  length  to  nozzle  diameter.  For  fully  developed  turbulent  pipe  flow, 
maximum  axial  scale  lengths  on  the  order  of  one  nozzle  diameter,  and  maximum 
turbulence  intensities  of  6%  to  10%  in  the  near-wall  region  of  the  flow  are 
expected.  The  resulting  spectra  of  "lip"  pressures  should  have  a  broad  peak 
at  frequencies  where  f  -  Vj/D.  Thus,  for  fully  developed  pipe  flow  turbulence 
at  the  nozzle  exit: 


MJ 

0.2 

0.6 

1.0 

fPeak2  cm 

3.4  kHz 

10  kHz 

17  kHz 

fpeak50  cm 

140  Hz 

400  Hz 

700  Hz 

8. 1.1.4  Experimental  Technique 

The  experimental  lip  noise  work  consisted  of  measuring  far-field  spectra 
for  various  nozzle  configurations  and  making  correlation  measurements  be¬ 
tween  the  fluctuating  pressures  on  the  nozzle  walls  and  the  far-field  sound. 
All  the  experimental  work  was  conducted  in  the  University  of  British  Columbia 
Anechoic  RoomO 09 , 123) . 

Measurements  of  Far-Field  Spectra 

The  far-field  spectra  were  measured  for  a  conical  nozzle  and  a  smoothly 
contoured  nozzle  (see  Figure  8-10)  under  the  following  conditions: 

•  Clean,  as  shown  in  Figure  8-4. 

•  Various  nozzle  tips  with  lip  thickness  ranging  from  2  mm  to  5  mm. 

•  Internal  tip  rings  placed  1  diameter  upstream  of  the  exit  plane. 

The  height  of  the  rings  varied  from  1/4  mm  to  1  mm. 

•  Internal  turbulence  generators  of  two  types: 

-  vortex  generator  placed  upstream  of  the  exit  plane. 

10-diameter  nozzle  extender  attached  at  the  nozzle  exit  plane. 


Correlation  Measurements 


The  difficulty  of  making  an  accurate  and  reliable  measurement  of  pressure 
fluctuations  on  the  nozzle  surface  was  only  partially  resolved.  A  number  of 
difficulties  were  encountered  in  devising  a  tiny  flush-mounted  pressure  trans¬ 
ducer  capable  of  accurate  response  to  nozzle  pressure  fields,  at  frequencies 
up  to  100  kHz.  (Because  of  limited  air  supply  capacity,  the  jet  nozzle  was 
designed  with  a  2  cm  exit  diameter.  As  discussed  in  Section  8.1.3,  this 
suggests  that  the  frequency  range  of  interest  for  lip  noise  would  lie  between 
20  kHz  and  160  kHz.)  The  effective  sensing  dimension  of  the  pressure  trans¬ 
ducer  should  be  less  than  1/4  of  the  wavelength  of  the  convecting  disturbance 
at  the  upper  frequency  limit  to  ensure  adequate  spatial  resolution.  For  a 
disturbance  convecting  "hydrodynamically"  at  300  fps,  the  required  diameter 
is  0.010  inch  or  less  for  100  kHz  response.  Many  transducers  and  configura¬ 
tions  were  tried.  The  most  satisfactory  transducer  was  made  from  metallized 
mylar  foil  stretched  over  a  roughened  backplate.  The  active  diaphragm  diam¬ 
eter  is  approximately  0.050  inch.  With  only  a  clearance  of  0.005  inch  between 
pinhole  and  diaphragm,  and  a  pinhole  diameter  of  0.030  inch,  the  Helmholtz  res¬ 
onant  frequency  is  approximately  120  kHz.  The  pressure  response  is  considered 
reliable  to  about  100  kHz. 

The  tip  nozzle  with  2  mm  lip  thickness  was  used  for  extensive  cross¬ 
correlation  measurements.  The  nozzle  was  machined  of  aluminum  and  contains 
a  number  of  flat-bottomed  holes  drilled  along  its  axial  length.  When  the 
transducer  was  plugged  in  at  a  specific  axial  position,  the  other  holes  were 
plugged  with  Teflon. 

The  tip  nozzle  element  is  scribed  at  15°  intervals.  The  far-field  micro¬ 
phone  was  located  at  selected  angles  6j  relative  to  the  jet  axis,  in  the  hori¬ 
zontal  plane.  The  transducer  port  was  rotated  through  15°  increments  of  <)>  in 
the  x  -  y  (exit)  plane.  In  this  way  it  is  possible,  in  principle,  to  build  up 
a  complete  surface  distribution  map  of  dp^/dS  for  each  jet  operating  condi¬ 
tion,  given  enough  separate  data  points.  (In  practice,  it  was  not  feasible 
to  obtain  data  for  points  closer  than  2  mm  to  the  exit  plane.) 


8. 1.1. 5  Results /Measurement  of  Far-Field  Spectra 
Spectra  for  Basic  Nozzles 

Figure  8-11  shows  1/3-octave  spectra  for  the  basic  fiberglass  and  alum¬ 
inum  contraction  cones.  The  characteristic  high  frequency  "humping"  is  evi¬ 
dent  for  frequencies  above  20  kHz  (the  secondary  ripples  at  around  35  kHz 
and  80  kHz  are  relatively  independent  of  velocity;  it  is  believed  that  these 
arise  from  slight  irregularities  in  the  microphone  frequency  response) .  The 
spectra  for  the  aluminum  cone  rise  increasingly  above  those  for  the  fiber¬ 
glass  cone  at  the  high  frequency  and  as  Mach  number  is  reduced.  This  is  thought 
to  be  a  consequence  of  internal  separation,  caused  by  the  rather  tight  curva¬ 
ture  just  upstream  of  the  exit  plane,  for  the  aluminum  cone.  By  installing 
an  aluminum  shield  around  the  nozzle  exit,  lined  with  1/4-inch-thick  fiber¬ 
glass  wool  (see  Figure  8-12) ,  this  high  frequency  excess  noise  of  the  aluminum 
cone  was  reduced  to  the  level  of  the  unshielded  fiberglass  cone.  The  shield 
caused  a  noticeable,  but  somewhat  smaller  reduction  of  the  high  frequency 
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Figure  8-11.  Basic  Shielded  and  Unshielded  Nozzle 
Spectra . 


levels  for  the  fiberglass  cone.  The  lesser  influence  of  shielding  on  the 
fiberglass  nozzle  spectra,  and  correlation  data  reported  later,  jointly  lend 
support  to  the  notion  that  the  excess  noise  for  the  baseline  (smooth  flow) 
nozzle  emanates  from  the  region  of  transition/turbulence  generation  in  the 
free  shear  layer.  By  contrast,  the  aluminum  cone  seems  to  generate  genuine 
lip  noise. 


Addition  of  Tip  Nozzles  with  Different  Lip  Thickness 

Figure  8-13  shows  the  consequences  of  adding  different  tip  nozzles  of 
various  lip  thicknesses  to  the  fiberglass  cone.  The  thicknesses  range  from 
very  sharp  to  5  mm  thick.  Only  slight  spectral  irregularities  are  evident, 
with  no  consistent  trend.  The  overall  levels  are  virtually  unaffected. 

When  any  of  the  tip  nozzles  are  added  to  the  aluminum  cone,  however, 
there  is  a  pronounced  reduction  of  the  high  frequency  excess  noise  (Figure 
8-14).  The  longer  channel  length  at  constant  diameter  presumably  induces  the 
flow  to  reattach,  or  perhaps  the  more  favorable  pressure  gradient  prevents 
the  flow  from  separating  at  all.  The  degree  of  suppression  appears  to  be 
slightly  dependent  on  lip  thickness  (the  thin  lip  gives  the  quietest  opera¬ 
tion  at  Mj  =  0.52) . 


Spectra  with  Internal  Trip  Rings 

Figure  8-15  shows  the  very  powerful  effect  of  inserting  a  thin  trip  ring 
at  a  point  one  diameter  upstream  of  the  exit  plane.  It  was  anticipated  that 
the  trip  rings,  by  producing  a  turbulent  boundary  layer  on  the  inside  of  the 
nozzle,  would  increase  the  lip-generated  noise.  This  was  generally  the  case 
for  the  1/2  mm  trip  ring,  but  for  the  least  intrusive  ring  (1/4  mm  height), 
the  high  frequency  noise  levels  were  actually  reduced  from  those  for  the 
"clean"  throat;  the  reduction  is  as  large  as  1.5  dB  on  overall  level,  for  the 
case  with  the  aluminum  contraction  cone.  This  may  be  explained  by  a  reduction 
of  tangential  coherence,  as  discussed  in  Section  8. 1.1. 2.  The  1/2  mm  aluminum 
trip  ring  height  increased  the  noise  substantially,  especially  over  the  mid¬ 
frequency  range.  Intense  nozzle  screech  is  evident  for  the  largest  obstruc¬ 
tion  height.  The  characteristic  screech  frequencies  agree  well  with  predic¬ 
tions  based  on  the  vortex  feedback  model  discussed  in  Section  8.1.1. 3  (Fig¬ 
ure  8-9). 


Production  of  Internal  Turbulence 


In  order  to  examine  the  role  of  upstream  large-scale  turbulence  on  the 
nozzle  excess  noise,  two  methods  of  turbulence  generation  were  attempted: 

A  series  of  inward-protruding  thin  airfoils  distributed  around  a 
ring  one  diameter  upstream  of  the  exit  plane,  and  placed  at  10° 
to  12°  angle  of  attack  (i.e.,  a  vortex  generator).  Adjacent  blades 
were  pitched  at  opposite  angles. 


1. 


Figure  8-13.  Various 
Tip  Nozzles  On  Fiber¬ 
glass  Cone. 


t/5 
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Figure  8-14.  Various 
Tip  Nozzles  On  Alu¬ 
minum  Cone. 
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Figure  8-15.  Effect  of  H 
Trip  Rings  of  Various 
Heights.  os 
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2.  A  10-diameter  long  extension  section  was  installed  between  the  con¬ 
traction  cone  and  the  tip  nozzle. 

Figure  8-16  shows  the  effect  of  introducing  the  multivaned  vortex  generator 
into  the  nozzle.  At  low  jet  speeds,  the  device  increases  the  excess  noise 
quite  significantly,  over  the  frequency  range  from  10  to  100  kHz.  However, 
at  intermediate  speeds  (Mach  No.  =  0.68),  the  low  frequency  jet  noise  is 
actually  reduced  somewhat  .  Perhaps  the  vortex  generator,  by  introducing 
random  turbulence  into  the  flow,  destroys  the  coherence  of  some  fundamental 
jet  noise  producing  mechanism  (e.g.  collapse  of  ring  vortices  at  x/D  =  4-*6  ). 
On  the  other  hand,  the  high  frequency  noise  is  increased,  probably  because  of 
enhanced  dipole  mechanisms  associated  with  the  vortex  generator  blades. 

Spectra  obtained  with  the  10-diameter  tube  extender  (Figure  8-17)  show 
that,  compared  with  the  baseline  nozzle  data,  the  tube  extender  appears  to 
reduce  the  high  frequency  noise  above  20  kHz  quite  significantly  (by  as  much 
as  6  to  7  dB  at  80  kHz).  Below  20  kHz,  the  shapes  of  the  two  types  of 
spectra  are  quite  similar  with  the  extender  nozzle  still  being  1  to  2  dB 
quieter  (the  exit  plane  stagnation  pressure  was  again  held  equal  to  that  of 
the  standard  nozzle). 

Apparently,  the  thick  turbulent  boundary  layer  produced  by  the  tube 
extender  reduces  the  initial  shear  of  the  developing  jet,  and  thereby  achieves 
some  significant  suppression  of  the  high  frequency  jet  noise.  This  factor 
must  strongly  override  any  tendency  for  an  increase  in  lip  noise  due  to  the 
internal  turbulence. 


8. 1.1. 6  Results/Causality  Correlation  Measurements-Lip  Source 
Strength  in  Axial  Direction 

Figure  8-18  shows  typical  correlation  plots  for  the  1/2  mm  trip  ring 
installed.  Positions  1,  2,  and  3  refer  to  transducer  locations  at  z  =  -2.6  mu, 
-4.9  mm,  and  -6.55  mm  (upstream  of  the  nozzle  lip).  At  position  No.  1,  the 
normalized  causality  coefficient  Rpsp  reaches  values  of  about  0.17,  indicat¬ 
ing  that  a  substantial  fraction  of  the  total  90°  jet  noise  is  coming  from 
that  region  of  the  lip.  As  the  transducer  point  is  moved  further  upstream, 
the  correlation  "blip"  shifts  to  later  time  delay  and  weakens.  At  position 
No.  2,  the  source  strength  goes  slightly  negative.  At  position  No.  3,  the 
slope  of  psp  is  essentially  zero,  indicating  negligible  sound  radiation  from 
this  point. 

The  axial  source  information  for  separated  internal  flow  is  illustrated 
in  Figure  8-19. 


To  make  sure  that  the  head  loss  of  the  vortex  generator  did  not  reduce  the 
effective  jet  speed,  the  centerline  total  head  at  exit  plane  was  maintained 
at  the  same  values  as  for  unobstructed  flow  cases. 
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Correlation  Strength  in  Tangential  Direction 

The  data  for  the  far  side  of  the  nozzle  (4>  =  180°)  and  axial  position  1 
shows  a  large  negative  slope  at  the  required  offset  time  (see  Figure  8-20). 
Since  cos  <j>  is  positive  for  90°  <  1 4>  |  <180°  this  region  is  also  one  of  positive 
source  strength,  in  accordance  with  equation  (381).  Taking  slope  data  from 
the  correlation  plots  and  multiplying  by  cos  <j>,  yields  a  tangential  source 
distribution  function  of  the  appearance  shown  in  Figure  8-21. 


szzii 


Nozzle  Lip 


Figure  8-21.  Source  Strength  Variation  with  ip. 


The  source  strength  is  evidently  concentrated  in  the  region  between 
+45°  on  the  near  side,  and  between  ±135°  on  the  back  side  of  the  nozzle. 

The  back-side  source  strength  is  about  60%  of  that  for  the  near  side.  The 
correlation  coefficient  drops  approximately  0.13  on  the  back  side  (from  0.17 
for  the  near  side).  These  observations  suggest  that  convection,  shielding, 
and/or  refraction  must  somehow  reduce  the  radiation  efficiency  of  lip  noise 
generated  on  the  far  side  of  the  nozzle. 


Source  Strength  Data  for  "Clean"  Nozzles 

Correlations  were  taken  for  the  three  axial  positions  nearest  the  exit 
plane  and  for  *  0°,  using  the  basic  fiberglass  cone  and  aluminum  tip  nozzle 
at  M  *  0.52.  In  order  to  detect  any  significant  cross-correlation,  the  inte¬ 
grating  time  had  to  be  tripled,  relative  to  that  for  the  autocorrelation 
functions.  The  maximum  value  of  Rpgp  is  about  0.008  on  the  near  side  of  the 
nozzle.  There  is  evidence  of  a  slight  source  strength  (slope)  for  position  1, 
but  nothing  significant  is  noted  for  positions  further  upstream.  A  periodic 
ripple  occurs  on  the  cross-correlation  function  with  a  dominant  period  of 
about  70  vs  (frequency  of  14  kHz) .  There  is  nothing  particularly  prominent 
on  the  acoustic  spectrum  however,  at  this  frequency. 
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Tangential  data  were  also  taken  for  the  "clean"  nozzle  case  with  $ 
varying  from  between  15°  and  180°  for  axial  location  1.  The  maximum  corre¬ 
lation  coefficient  is  somewhat  higher  on  the  back  side  (contrary  to  what  one 
would  expect),  reaching  a  value  of  about  0.02  at  4>  ■  180°.  Here  also,  a 
noticeable  negative  slope  at  t  indicated  a  definite  source  strength.  In  this 
case  the  characteristic  period  is  about  150  p  sec,  for  an  indicated  frequency 
of  6700  Hz. 

The  values  of  overall  p2  within  the  nozzle  are  somewhat  dependent  on 
angular  orientation  of  the  tip  nozzle  ($) .  This  dependence  is  spatially 
repeatable,  suggesting  that  a  degree  of  nonaxisymmetric  separation  occurs 
inside  the  nozzle  due  to  slight  imperfections  at  the  junction  between  the  tip 
nozzle  and  contraction  cone.  If  such  separation  occurs,  the  low  frequency 
ripples  in  the  cross-correlation  functions  are  explainable  (however,  their 
acoustic  radiation  potential  would  have  to  be  very  weak).  On  the  basis  of 
the  very  small  correlation  coefficients  detected  with  the  unobstructed 
(optimum)  nozzle,  it  is  concluded  that  very  little  noise  appears  to  come  from 
the  nozzle  lips  in  this  case,  and  that  the  transitional  lip  noise  mechanisms 
discussed  in  Section  8.1.3  (Figures  8-4  and  8-5)  are  probably  not  operative 
(unless  they  are  occurring  above  100  kHz) . 


Estimates  of  Lip  Noise  Fractions 

The  overall  intensity  due  to  lip  noise  can  be  deduced  by  carrying  out 
the  surface  integral  in  equation  (380)  evaluated  at  T  =0: 
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(Note  that  cos  <j>  »  cos  e  sin  6^  and  also  that  3/3t  pgp(i)  also  varies  approx¬ 
imately  as  cos  <p  (see  Figure  8-22). 
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Evaluation  of  equation  (397)  is  expected  to  give  an  upper  bound  estimate  of 
the  lip  noise  intensity  in  any  direction  e  . 
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estimates  are  conservative  upper  limits. 


Figure  8-22.  Estimates  of  Lip  Noise  Fractions. 
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If  X  =  a0T  where  T  is  a  typical  period  of  the  causality  correlation  function 
then: 
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If  the  lip  noise  fractions  for  various  nozzle  operating  conditions  are 
plotted.  Figure  8-22  results. 

At  very  low  Mach  numbers,  p£  .  is  almost  entirely  due  to  lip  noise  for 
cases  of  disturbed  nozzle  flow  (i.e.,  the  lip  noise  fraction  tends  to  unity). 


8.1.1. 7  Conclusions 

On  the  basis  of  the  correlation  experiments,  it  is  suspected  that  the 
excess  noise  for  an  ideally  contoured  nozzle  with  laminar  boundary  layer  is 
likely  to  be  generated  outside  the  nozzle,  as  a  consequence  of  turbulence 
evolution  from  a  laminar  shear  layer.  The  estimate  for  the  "clean"  nozzle 
case  (Figure  8-22),  predicts  no  more  than  0.2X  lip  noise,  as  an  upper  limit. 

However,  in  the  presence  of  internal  separation,  or  a  turbulent  boundary 
layer,  genuine  lip  noise  is  indicated  by  the  experiments,  and  may  approach 
a  substantial  percentage  of  the  total  jet  noise,  especially  for  jet  Mach 
number  less  than  0.5. 
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8.1.2  The  Effect  of  External  Flow 


8. 1.2.1  Background 

The  degree  of  jet  noise  contamination  due  to  nozzle  "lip"  noise  measured 
for  an  optimum  contoured  round  model  jet  nozzle  is  presented  in  Section  8.1.1 
as  a  function  of  Mach  number  for  various  conditions  of  nozzle  flow.  This 
section  examines  the  possible  effects  of  a  slower  shrouding  stream  on  the 
radiated  lip  noise.  If  the  shear  layer  instabilities  are  altered,  the  pres¬ 
sure  fluctuations  at  the  nozzle  lip  will  be  affected,  and,  therefore,  the 
resultant  acoustic  radiation.  If  the  effect  of  secondary  flow  is  important, 
the  following  items  are  of  interest: 

•  The  forward-flight  effect  on  the  lip  noise  of  a  single  round  noz¬ 
zle,  and  how  it  varies  with  flight  speed. 

•  Changes  in  the  mechanisms  of  lip  noise  and  in  their  distribution 
plus  the  relative  importance  of  each. 

•  The  importance  as  a  baseline  mechanism  of  nozzle  lip  noise  as  the 
edge-length  of  a  multielement  nozzle  is  progressively  increased. 


8. 1.2. 2  Possible  Noise  Mechanisms  with  External  Flow 


In  the  case  where  flow  velocities  on  either  side  of  the  surface  are 
relatively  equal  (Figure  8-23)  ,  a  row  of  countercirculating  vortices  de¬ 
velops  from  the  narrow  wake  behind  the  lip  (classical  vortex  street): 


The  abrupt  change  of  boundary  condition  at  the  trailing  edge  provides  a 
"hinge  point".  Here,  the  wake  oscillates  sinusoidally  to  form  new  vortices 
under  the  influence  of  their  downstream  predecessors.  The  Kutta  condition  is 
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not  maintained  at  every  instant,  leading  to  a  concentrated  unsteady  force 
fluctuation  at  the  trailing  edge  of  the  nozzle. 


At  low  Reynolds  numbers  (but  >  40) ,  the  oscillation  is  very  discrete  and 
the  accompanying  force  fluctuation  is  quite  sinusoidal,  at  a  frequency  of: 


f  =  0.2 
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t+26 ' 
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Here,  t  is  the  lip  thickness  at  the  trailing  edge  and  6'  is  the  displacement 
thickness  of  the  approaching  boundary  layers.  The  spacing  between  the  vortex 
cores  is  about  2.5  (t+26').  As  the  Reynolds  number  is  increased,  the 
shedding  frequency  becomes  less  discrete;  the  spectrum  of  the  resulting  force 
field  is  broadened  and  weakened  substantially.  This  is  because  the  parent 
shear  layers  become  turbulent  more  quickly,  so  that  the  regularity  of  vortex 
birth  is  reduced.  Nevertheless,  the  vortex- induced  force  field  remains  quasi¬ 
regular  at  the  Strouhal  frequency  for  Reynolds  numbers  as  large  as  100,000. 

When  the  fluid  streams  on  opposite  sides  of  the  lip  are  of  dissimilar 
velocities,  the  vortex  street  is  unbalanced;  i.e.,  vortices  induced  by  the 
rolling  up  of  the  shear  layer  on  one  side  of  the  surface  will  be  stronger 
than  their  counterparts  from  the  opposite  shear  layers.  There  is  not  much 
information  available  on  the  consequences  this  may  have  on  the  regularity  of 
shedding,  nor  on  the  magnitude  of  the  force  fluctuation  at  the  lip.  The 
imbalance  of  circulation  may  cause  the  wake  to  deflect  laterally  in  its  early 
stages,  or  perhaps  to  degenerate  into  a  turbulent  mixing  layer  quicker  than 
usual.  This  should  reduce  the  coherence  and  intensity  of  the  lip  pressure 
field  and  any  consequent  noise.  However,  there  is  little  experimental  infor¬ 
mation  on  this  point.  A  better  understanding  of  this  problem  would  be 
extremely  useful  in  assisting  interpretation  of  the  effects  of  forward 
flight,  internozzle  ventilation,  and  bypass  flow  on  the  performance  of  multi¬ 
element  suppressor  nozzles . 


8. 1.2. 3  Experimental  Technique 

The  causality  correlation  technique  is  used,  where  nozzle  surface 
pressures  are  correlated  with  far-field  sound  pressures.  In  this  test 
series,  a  two  inch  diameter  primary  nozzle  with  a  standard  STA  contour  was 
instrumented  with  12  miniature  Kulite  transducers,  located  as  shown  in 
Figure  8-24.  The  placement  of  the  far-field  microphone  array  is  also  shown 
in  this  figure. 

The  test  series  was  conducted  at  the  General  Electric  Jet  Engine  Noise 
Test  Site  (JENOTS)  where  the  2-inch  primary  nozzle  was  mounted  coaxially  in 
the  existing  12-inch  diameter  freejet  nozzle  (Reference  72). 
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Both  the  primary  and  the  external  air  streams  were  unheated.  The 
following  flow  combinations  were  investigated: 


Test  Point 

Primary  Air 
Velocity, 
ft/sec 

External  Air 
Velocity, 
ft/sec 

1 

607 

0 

2 

583 

98 

3 

589 

180 

4 

589 

261 

5 

816 

0 

6 

806 

90 

7 

805 

193 

8 

811 

276 

9 

1019 

0 

10 

1008 

124 

11 

1012 

183 

12 

1015 

297 

13 

374 

307 

Each  data  set  was  recorded  simultaneously  on  a  28-channel  FM  Honeywell 
tape  recorder  with  frequency  response  conforming  to  IRIG  standards  for  Wide 
Band  Type  I  (0  to  40  kHz  at  60  ips).  Data  tapes  were  substantially  played 
back  using  a  compatible  Honeywell  tape  recorder  to  signal  processing  instru¬ 
mentation. 


8. 1.2. 4  Results/Far-Field  Spectra 

The  radiated  noise  spectra  for  each  test  point  at  the  +90°  field  micro¬ 
phone  have  been  superimposed  in  Figure  8-25  to  show  differences  more  clearly. 

At  test  points  which  do  not  include  external  airflow  (test  points  1,  5,  and 
9)  the  resulting  spectrum  shape  is  relatively  smooth,  and  typical  for  "clean" 
jet  noise.  The  "ripples"  at  low  frequencies  result  from  ground  plane  reflections 

for  most  of  the  remaining  test  conditions,  however,  the  spectra  show  a  strong  peak 

ing  tendency  near  150  Hz  and  2000  Hz.  This  excess  noise  is  thought  to  be  due 
to  an  extremely  noisy,  choked  valve  in  the  external  air  supply  system.  Since 
this  noise  rises  above  the  legitimate  jet  noise,  particularly  at  low  primary 
velocities  (i.e.,  500  and  808  ft/sec)  the  valve  noise  dominates  the  overall 
RMS  sound  pressures  at  the  field  microphones.  Thus,  the  normalized  correla¬ 
tion  coefficients  between  nozzle  surface  pressures  and  the  sound  pressure 
fluctuations  at  the  field  microphones  could  be  affected,  significantly  and 
adversely.  If  there  is  coherent  valve  noise  propagating  through  the  system 
with  frequency  content  in  the  vicinity  of  2000  Hz,  it  could  mask  any  legiti¬ 
mate  lip  noise  correlation. 

The  degree  of  "valve  noise"  contamination  can  be  appreciated  if  the 
OASPL  at  90°  is  plotted  as  a  function  of  velocity  ratio  and  compared  with  a 
similar  uncontaminated  case.  This  has  been  done  in  Figure  8-26,  for  each  of 
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SOUND  PRESSURE  LEVEL  AT  +90  FIELD  MICROPHONE 


Figure  8-25.  Far-Field  1/3  Octave  Spectra  at  each  Test  Point 


GENERAL  ELECTRIC  UNCONTAMINATED  RESULTS 


the  three  primary  velocities  tested.  The  present  data  are  compared  to  results 
for  identically  sized  primary  and  secondary  nozzles  recorded  at  JENOTS  and  which 
are  apparently  free  of  valve  noise.  As  the  velocity  ratio  is  increased,  the 
shear  is  reduced  and  the  OASPL  is  reduced.  The  valve  noise  effort  however, 
boosts  Lite  OASPL  as  secondary  flow  increases,  thereby  musing  errors  as 
large  as  10  to  15  dB.  This  appears  to  be  especially  severe  at  the  lower 
primary  velocities. 

At  test  point  13,  the  primary  and  secondary  velocities  are  almost  equal. 

As  the  shrouding  velocity  approaches  the  primary  velocity,  the  effectiveness 
of  the  shrouding  flow  in  reducing  shear  generated  noise  is  gradually  over¬ 
shadowed  by  the  basic  noise  of  the  larger  (12- inch  diameter)  shrouding  jet. 

A  12- inch  diameter  jet  produces  a  sound  pressure  level  at  least  15  dB  higher 
than  a  2-inch  diameter  jet,  for  the  same  nozzle  velocity.  Nevertheless  for 
test  point  13  the  combined  level  should  be  about  73  dB,  not  89  dB  as  indi¬ 
cated  on  Figure  8-26. 

One  might  speculate  that  the  2000  Hz  energy  is  being  produced  due  to 
regular  vortex  shedding  at  the  nozzle  lip.  For  test  point  13,  however,  the 
Strouhal  frequency  could  not  be  much  less  than  40  kHz.  Furthermore,  the 
frequency  of  vortex  shedding  noise  should  be  highly  dependent  on  the  primary 
jet  velocity.  The  data  of  Figure  8-25  show  no  evidence  of  such  behavior. 


8. 1.2. 5  Results  -  Nozzle  Surface  Correlation  Measurements 

Axial  Direction  -  Figure  8-27  shows  cross  correlations  between  two 
Kulite  transducers  on  the  outside  surface  of  the  nozzle  for  three  different 
external  flow  velocities.  At  the  lowest  external  flow,  the  2  kHz  valve  noise 
gives  a  definite  ripple  to  the  correlation  function.  At  higher  flows,  a 
shifted  correlation  pgak  is  observed  which  is  equivalent  to  a  convection 
speed  of  about  0.8  Vj  .  Typical  time  scales  can  be  estimated  from  the 
autocorrelation  functions  at  the  bottom  of  Figure  8-27.  In  turn,  length 
scales  can  be  estimated  from  the  product  of  convection  speed  and  typical  time 
scale.  Results  for  the  external  flow  velocity  of  261  ft/sec  indicate  an 
axial  length  scale  of  about  0.13  inch  (surprisingly,  the  length  scale  appears 
to  get  smaller  as  the  external  velocity  diminishes). 

The  pressure  field  on  the  inside  surface  of  the  nozzle  is  correlated 
over  very  small  axial  lengths  in  Figure  8-28.  The  dominant  time  scale  taken 
from  autocorrelations  is  governed  by  extremely  high  frequency  energy  result¬ 
ing  in  time  scales  of  about  10  ps.  Typical  convection  speeds  tend  to  be 
slower  than  in  the  external  flow,  ranging  between  0.5U  and  0.8Up  Length 
scales  are  less  than  0.050  inch.  The  peculiar  double-humped  shape  of  the 
correlation  at  highest  primary  velocity  is  probably  also  present  for  the 
other  flow  cases  at  negative  time  delay.  It  suggests  that  the  boundary  layer 
inside  the  nozzle  is  so  quiet  that  acoustic  disturbances  traveling  upstream 
in  the  shear  layer  can  produce  an  additional,  superimposed  correlation  which 
is  as  significant  as  the  correlation  due  to  downstream-traveling  distur¬ 
bances  in  the  boundary  layer. 

Kulite  No.  10  and  11  are  separated  only  by  0.132  inch  (see  Figure  8-24). 


(EXTERNAL)  VELOCITY 
=  124  FPS  (TEST  POINT  #10) 


C(t)  =  p10p11(t)  TIME  DELAY  (t) 


(EXTERNAL)  VELOCITY 
=  193  FPS  (TEST  POINT  # 7) 


TIME  DELAY  (t) 

Figure  8-27.  Nozzle  Correlation  Functions  on  Outside  Surface. 
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Figure  8-28. 


Nozzle  Correlation  Functions, Inside  Surface. 


Tangential  Direction  -  Figure  8-29  shows  the  degree  of  tangential  co¬ 
herence  on  the  Inside  surface  of  the  nozzle.  The  correlations  are  slightly 
larger  for  faster  flow,  but  the  effective  tangential  correlation  scales  are 
still  less  than  10°  in  tangential  extent. 

The  tangential  correlations  are  stronger  on  the  outside  surface  of  the 
nozzle,  with  an  integral  tangential  scale  extending  about  156  (see  Figure  8- 
30) . 


8. 1.2. 6  Results  -  Causality  Correlations 

The  attempted  correlations  of  Kulite  (source)  signals  with  microphone 
(far-field)  signals,  with  appropriate  time  delay,  show  no  significant  corre¬ 
lation  between  suspected  genuine  sources  of  lip  noise  and  the  far-field 
microphone  for  all  cases  tested.  For  cases  with  external  flow,  correlations 
between  the  outside  surface  transducers  and  far-field  microphones  appeared  to 
be  dominated  by  valve  noise  at  150  Hz  and  2200  Hz,  as  Figure  8-31  indicates. 
Upstream  disturbances,  such  as  valve  noise,  appear  to  propagate  down  the  air 
supply  piping  and  are  sensed  by  the  Kulite  transducers  as  they  pass  by.  At 
the  acoustic  time  delay  between  the  Kulites  and  the  far-field  microphones, 
correlation  occurs.  The  valve  noise  (a  legitimate  excess  noise  source) 
appears  to  be  emanating  from  the  exit  plane  region. 


8.1.2. 7  Conclusions 

The  precise  effect  of  external  flow  on  generation  of  lip  noise  is  not  clear 
due  to  the  valve  noise  contamination,  but  the  following  can  be  stated: 

•  The  turbulent  pressure  field  on  the  exterior  nozzle  surface  near 
the  exit  plane  is  much  less  affected  by  the  external  flow.  This 
may  be  because  the  axial  length  scales  are  smaller  Inside  the 
nozzle,  so  that  the  pressure  taps  do  not  record  significant  dis¬ 
turbance  events  arising  from  external  flow  effects. 

•  It  appears  unlikely  that  sources  on  the  nozzle  surface  of  a 
smoothly  contoured  jet  constitute  an  important  noise  source.  This 
is  especially  true  on  the  interior  of  a  properly  contoured  nozzle, 
where  the  boundary  layer  exhibits  vary  low  levels  of  pressure 
fluctuation  (<0.3%  of  the  jet  dynamic  pressure). 
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Figure  8-29,  Tangential  Correlation  -  Inside  Surface. 


8.2  PARTICLE/ FLU ID  INJECTION 


A  comprehensive  literature  survey  of  the  physical  mechanisms  and  practical 
implications  of  the  possibilities  of  suppressing  jet  noise  by  the  addition 
of  solid  particles,  liquid  droplets,  and  foam  was  carried  out.  The  three 
most  pertinent  literature  sources  are  references  120,  121,  and  122. 


8.2.1  Physical  Mechanisms  of  Damping 

Attenuation  of  sound  occurs  for  a  solid  particle  additive  because  the 
velocity  of  the  solid  particle  "lags"  behind  the  gas  velocity  (leading  to  an 
effective  drag  force  exerted  by  the  particles  on  the  gas)  and  because  the 
temperature  of  the  particle  lags  behind  the  gas  temperature. 

An  attenuation  per  unit  wavelength  is  obtained  due  to  these  two  mecha¬ 
nisms  which  peaks  at  a  frequency  of  fv  =  3o  p/m  for  the  velocity  lag  mecha¬ 
nism  and  at  a  frequency  f-p  =  2a  k/m  cs  for  the  temperature  lag  mechanism; 
where  o  =  particle  radius,  p  =  coefficient  of  viscosity  of  gas,  m  =  mass  of 
individual  solid  particle,  k  =  coefficient  of  thermal  conductivity  of  gas, 
and  cs  =  specific  heat  of  solid  particle.  The  peak  value  of  attenuation/unit 
wavelength  for  the  velocity  mechanism  is  (tt/2)k,  and  the  peak  value  for  the 
temperature  lag  mechanism  is  (tt / 2 )  (y  -  1 ) ic  cs/cp;  where  k  =  ratio  of  density 
of  particulate  phase/gas  phase,  y  =  specific  heat  ratio  of  gas  phase,  and  cp  = 
specific  heat  at  constant  pressure  of  gas  phase.  The  variation  with  frequency 
of  the  attenuation/unit  wavelength  is  given  by  2(f/fv)  [1  +  (f /fv) 2 3  and 
2(f/fv)[l  +  (f/fx)2]-l  times  the  peak  values,  respectively,  for  the  two 
mechanisms.  The  above  results  assume  the  validity  of  Stokes  law  for  the 
drag  exerted  by  the  particles  on  the  gas  and  associated  Nusselt's  numbers  of 
unity  for  the  heat  transfer  between  the  gas  and  particulate  phase  (which 
should  be  quite  reasonable  for  small  particle  sizes  and  the  acoustic  damping 
problem).  For  the  acoustic  damping  problem,  the  relevant  velocity  on  which 
to  calculate  a  relevant  Reynolds  number  is  the  acoustic  particle  velocity, 
the  relevant  length  scale  is  the  particle  radius,  and  hence  the  relevant 
Reynolds  number  is  small  enough  to  justify  the  use  of  Stokes  drag  law  and 
Nusselt's  numbers  of  unity. 

The  above  two  mechanisms  are  operative  for  liquid  droplets  capable  of 
phase  change,  but  in  addition,  a  low  frequency  attenuation  peaked  at  a 
frequency  k^  fT  appears,  where  ki  =  liquid  mass  fraction.  It  is  essential 
for  the  liquid  droplets  to  be  able  to  retain  their  integrity  as  liquid  drop¬ 
lets  in  order  for  this  mechanism  to  be  operative. 

Attenuation  by  foams  was  studied  and  reported  in  Reference  122.  Foams 
are  basically  an  agglomeration  of  gas  bubbles  separated  from  each  other  by 
thin  liquid  films.  They  can  provide  high  frequency  (on  the  order  of  5  to  6 
kHz)  absorption  at  the  resonant  frequency  of  oscillation  of  the  gas  bubble,  but 
again,  require  a  gas  temperature  low  enough  to  avoid  evaporation  of  the  liquid 
films  to  be  effective. 
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8.2.2  Practical  Implications 


There  do  not  appear  to  be  any  promising,  practically  useful  techniques 
for  reducing  heated  jet  noise  by  the  use  of  foam  or  particle  additives 
(either  by  solid  particles  or  by  liquid  droplets).  Solid  particles  or  foam 
yield  some  attenuation  in  the  kHz  range  which  is  not  of  interest  for  jet 
noise.  Foam  will  not  retain  its  integrity  in  a  hot  flow,  being  basically  a 
collection  of  gas  bubbles  separated  by  thin  liquid  films.  A  promising 
technique  for  low  frequency  (i.e.,  audio  frequencies)  noise  suppression  in 
cold  gas  flows,  such  as  occur  in  jet  engine  inlets  or  in  the  fan,  is  the  use 
of  liquid  droplet  addition.  The  storage  requirements  of  liquid  appear 
prohibitively  large,  however.  For  example,  the  authors  calculate  that  to 
suppress  fan  noise  from  a  three-engine  DC-10  to  achieve  5  dB/m  suppression 
(roughly  what  acoustic  treatment  yields  currently)  during  a  two  minute 
takeoff  maneuver,  something  like  3000  kg  of  water  would  have  to  be  carried 
aboard.  Of  course  with  a  hot  jet  flow,  the  droplets  would  vaporize  instantly, 
negating  all  three  mechanisms  of  attenuation  cited  previously. 
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8.3  ORDERLY  STRUCTURE 


Certain  studies  have  suggested  that  in  jet  flows,  the  unsteadiness, 
which  is  normally  termed  "turbulence"  and  hence  considered  a  random,  dis¬ 
organized  process,  may  be  characterized  by  a  hitherto  unsuspected  degree  of 
coherence  and  order.  Generally,  experimental  evidence  of  such  order  has  been 
confined  to  rather  low  Reynolds  number  cold  jets.  The  basic  nature  of  this 
jet  noise  program  dictated  an  effort,  primarily  experimental  in  nature,  which 
was  formulated  and  conducted  under  the  direction  of  Dr.  J.  Laufer  at  the 
University  of  Southern  California  (USC) . 

The  present  investigation  examines  two  aspects  that  may  permit  the  jet 
noise  suppressor  designer  to  attain  lower  noise  levels,  (1)  mixing  enhance¬ 
ment,  and  (2)  redirection  of  the  radiation  pattern.  The  first  item  can  be 
obtained  by  choice  of  an  appropriate  nozzle  configuration  (e.g.  mechanical 
suppressor)  or  by  introducing  certain  types  of  perturbations  into  the  flow 
that  will  change  the  turbulence  lev<  1  and/or  mean  velocity  distribution  at 
the  nozzle  end.  The  main  idea  motivating  the  second  item  is  an  attempt  to 
minimize  the  noise  radiated  in  certain  azimuthal  directions  by  using  asym¬ 
metric  nozzle  shapes.  In  formulating  the  experimental  program,  it  is  of 
great  advantage  to  make  observations  of  both  the  jet  flow  itself  and  its 
noise  field.  The  choice  of  visual  technique  (flow  field  study)  and  micro¬ 
phone  setup  (far-field  noise)  proved  to  be  a  fortunate  one,  since  a  number  of 
conclusions  could  not  have  been  arrived  at  without  this  procedure. 

In  particular,  one  is  interested  to  know  whether  or  not  the  vortex 
pairing  process,  clearly  in  evidence  from  visual  studies,  has  an  important 
bearing  on  the  radiation  process.  The  results  contained  herein  cannot  give  a 
conclusive  answer,  although  one  can  make  certain  conjectures  on  the  basis  of 
the  near  and  far  field  observations  that  indicate  such  a  connection  is 
possible. 


8. 3. 1  Facilities  and  Equipment 

8. 3. 1.1  Anecholc  Chamber 

A  detailed  description  of  the  USC  Anechoic  Facility  can  be  found  in  the 
Task  1  Final  Report  (Reference  123).  Figure  8-32  shows  a  schematic  drawing  of 
the  layout  of  the  facility.  Figure  8-33  is  a  schematic  of  the  stilling 
(plenum)  section  and  nozzle. 


8. 3. 1.2  Water  Jet  Apparatus 

The  water  jet  consisted  of  a  stilling  chamber  and  detachable  nozzle 
(Figure  8-34).  The  axisymmetric  nozzle  has  a  contraction  ratio  of  16:1  and 
an  exit  diameter  of  1.5  inches.  Jet  exit  velocities  ranged  from  about  5 
inch/sec  to  15  inch/sec;  the  corresponding  jet  Reynolds  numbers  were  5,000- 
15,000.  The  thickness  of  the  laminar  shear  layer,  6,  at  about  1  cm  down¬ 
stream  from  the  nozzle  exit  was, 
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Figure  8-34.  Water  Jet  Stilling  Chamber  and  Noz 
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DETACHABLE  NOZZLE 


6/D  =  4 /Re 


The  coefficient  4  was  determined  by  measuring  the  frequency  of  the  initial 
unstable  wave,  and  utilizing  the  theory  of  Michalke(124)  to  determine  the 
shear  layer  thickness.  This  value  agrees  with  direct  visual  observations 
(hydrogen  bubble  traces),  and  is  consistent  with  the  value  found  by  Crow  and 
Champagne ( 125) .  The  turbulence  level  was  measured  on  the  jet  centerline  just 
upstream  of  the  nozzle  exit  with  a  hot-film  anemometer.  The  rms  longitudinal 
fluctuation  was  about  0.005  Uj ,  at  a  jet  speed  of  5  inch/sec,  and  was  somewhat 
lower  at  higher  jet  speeds.  A  schematic  of  the  entire  jet  apparatus  is  shown 
in  Figure  8-35.  In  operation,  the  jet  is  immersed  vertically  in  a  large 
tank.  Flow  rate  through  the  jet  is  monitored  by  a  Fischer-Porter  flow  meter. 
The  jet  is  supplied  by  gravity  feed  from  a  second  tank  overhead.  The  supply 
tank  is  fitted  with  an  overflow  tube  and  a  pumped  return  from  a  lower  sump  to 
maintain  constant  supply  head.  When  desired,  artificial  disturbances  could 
be  introduced  by  periodically  constricting  the  jet  supply  tube.  This  was 
done  in  a  controlled  manner  to  produce  rms  fluctuations  in  velocity  of 
between  2.5  and  3.5  percent  of  the  mean  jet  exit  velocity  over  a  wide  range 
of  forcing  frequencies. 


8. 3. 1.3  Nozzle  Configurations 

In  addition  to  a  single  axisymmetric  nozzle,  a  number  of  other  configura¬ 
tions  were  used  in  both  the  air  and  water  facilities. 

An  elliptic  nozzle  with  a  5  to  1  aspect  ratio  is  shown  in  Figure  8-36. 

It  was  fabricated  with  molding  plastic  and  could  be  attached  to  the  settling 
chamber  of  the  air  as  well  as  the  water  facility.  It  was  designed  to  have, 
essentially,  a  constant  cross-sectional  area  along  the  downstream  half  of  its 
length  and  equal  to  a  1.0-inch  diameter  circular  jet. 

The  contours  of  the  1/2-inch  diameter  nozzle  and  the  1/2-inch  diameter, 
2-foot  long  pipe  nozzle  are  shown  in  Figures  8-37  and  8-38.  They  were  used 
in  the  air  jet  facility.  In  order  to  generate  a  rough  pipe  flow,  the  first 
half  of  the  pipe  nozzle  inner  wall  was  lined  with  coarse  sandpaper. 

In  addition  to  the  elliptic  nozzle,  the  water  jet  facility  utilized  the 
following  configurations:  a  1.5-inch  diameter  axisymmetric  nozzle  into  which 
a  trip  ring  could  be  inserted  to  thicken  the  initial  mixing  layer,  a  single 
axisymmetric  jet  with  exit  plane  inclined  45°  to  the  jet  axis  and  a  7-tube, 
hexagonally  packed  array  of  jets  with  2  diameter  spacing  between  jet  axes 
(Figure  8-39). 
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Figure  8-35.  Schematic  of  Water  Jet  Apparatus. 
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b.  Contour  of  1/2  in.  Diameter  Nozzle 


Figure  8-37.  Schematic  Diagram  Showing  Contraction  Section  and  Contour  of  1/2  inch 
Diameter  Nozzle. 
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8.3.2  Experimental  Procedure 


8. 3. 2.1  Far-Fleld  Intensity  Measurements 

Acoustic  far-field  measurements  were  performed  in  the  USC  anechoic 
chamber.  Ten  B  &  K  microphones  were  mounted  at  a  distance  of  90-inches  from 
the  nozzle  exit  on  a  curved  pipe  forming  an  arc  centered  at  the  nozzle  exit, 
as  shown  in  Figure  8-40.  These  microphones  were  arranged  at  different  angles 
from  the  inlet  axis  (0j)  as  depicted  in  Figure  8-41.  A  mixture  of  1/2,  1/4, 
and  1/8-inch  microphones  were  used  depending  on  the  noise  intensities  at 
different  angles.  These  were  carefully  noted  so  that  proper  free  field 
corrections  for  the  different  microphones  used  could  be  incorporated  in  the 
data  analysis. 

During  each  run,  the  room  temperature,  pressure,  and  humidity  were 
recorded  to  give  detailed  information  of  the  environment  under  which  the  data 
was  taken.  In  addition,  the  settling  chamber  pressure  and  temperature  were 
recorded  on  the  strip-chart  recorder  for  jet  exit  condition  calculations. 

For  the  long  pipe  flow  cases,  the  jet  exit  conditions  were  calculated  from 
pitot  tube  measurements  at  the  center  of  the  pipe  exit.  The  settling  chamber 
pressure  was  maintained  to  within  ±3%  of  the  operating  pressure.  The  micro¬ 
phone  signals  were  recorded  on  the  14-track  Hewlett-Packard  tape  recorder. 
Before  the  measurements  were  made,  sinusoidal  signals  at  a  number  of  selected 
frequencies  were  recorded  on  tape  first  for  obtaining  the  frequency  response 
of  the  recorder.  After  each  run,  the  microphones  were  calibrated  with  the  B 
&  K  4220  piston  phone,  and  the  background  noise  (both  acoustic  and  electronic) 
was  also  recorded  on  tape  with  the  jet  turned  off,  with  the  same  gain  setting 
of  all  instruments  to  ensure  that  for  each  case  the  data  obtained  for  jet 
noise  are  not  influenced  by  the  background  noise. 

The  far-field  noise  data  reduction  was  carried  out  using  a  General  Radio 
1921  Real-Time  Analyzer  to  give  1/3-octave  spectra.  By  means  of  a  tape  speed 
reduction  of  4,  the  frequency  range  covered  was  from  160  Hz  to  80  kHz. 


8. 3. 2. 2  Directional  Microphone  Measurements 

Axial  source  strength  distributions  along  the  jet  axis  have  been  taken 
for  the  1/2-inch  nozzle,  the  2-foot  long  smooth  pipe  and  the  2-foot  long  rough 
pipe  cases  using  the  reflector  type  directional  microphone  system  described 
in  Reference  125  and  schematically  illustrated  on  Figure  8-42.  The  reflector 
was  located  at  the  nozzle  or  pipe  exit  plane  at  a  distance  of  81-1/2-inches 
from  the  jet  axis.  The  reflector  was  rotated  by  an  automatic  controller  to 
scan  along  the  jet  axis.  There  were  64  scanning  points  along  the  jet  axis 
starting  from  about  10  diameters  upstream  of  the  jet  exit  plane  to  some  40 
diameters  downstream.  At  each  aiming  point,  about  6  seconds  of  data  were 
recorded  on  magnetic  tape.  In  addition  a  voltage  from  the  automatic  controller, 
which  is  proportional  to  the  tangent  of  the  complementary  angle  between  the 
jet  axis  and  the  reflector  axis,  was  also  recorded  for  subsequent  determina¬ 
tion  of  the  aiming  position.  Using  this  voltage,  it  was  found  that  the 
aiming  position  could  be  determined  to  within  1/8  inch. 
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Figure  8-42.  Block  Diagram  of  Experimental  Setup  for  Axial 
Source  Strength  Measurement. 


699 


The  stagnation  pressure  was  monitored  by  a  Validyne  DP15TL  pressure 
transducer  and  recorded  on  a  Gould  Brush  220  strip  chart  recorder.  After 
each  run,  the  microphone  was  calibrated  by  means  of  a  B  &  K  4220  piston 
phone,  and  the  aiming  points  were  determined  by  sighting  targets  placed  at 
several  known  distances  from  the  jet  exit. 

As  discussed  in  Reference  126,  for  a  semiquantitative  analysis  of  the 
data  (and  without  using  the  elaborate  mathematical  inversion  to  obtain  the 
axial  source  strength  distribution)  a  filter  amplifier  can  be  incorporated  to 
counteract  the  frequency  discrimination  of  the  gain  of  the  reflector,  and 
analyze  the  data  in  1/3-octave  (or  percentage  frequency)  bands.  A  schematic 
diagram  of  the  instrumentation  set-up  for  data  acquisition  is  shown  in  Figure 
8-42.  The  frequency  response  of  the  filter  amplifier  is  shown  in  Figure  8-43 
The  filtered  signal  was  recorded  at  a  tape  speed  of  30  ips.  This  adequately 
covered  the  frequency  range  of  150  Hz  to  100  kHz  dictated  by  the  low  fre¬ 
quency  cutoff  of  the  anechoic  chamber  and  the  upper  frequency  limit  of  the 
1/8-inch  B  &  K  microphone  used. 

To  determine  accurately  the  frequency  response  of  the  recording  and  data 
reduction  instrumentation,  a  set  of  equal-amplitude  sine  waves  at  different 
frequencies  was  recorded  in  the  beginning  of  each  reel  of  magnetic  tape. 

After  the  data  were  recorded,  the  microphone  was  calibrated  by  means  of  the  B 
&  K  4220  piston  phone  and  the  output  signal  was  recorded  on  tape  so  that  a 
conversion  from  electrical  signal  to  acoustic  pressure  could  be  made  directly 

During  the  scanning  process,  a  pulse  was  available  from  the  automatic 
controller  at  the  start  of  each  step.  This  pulse  train  was  recorded  on  a 
separate  FM  channel  for  identification  purposes  in  the  data  reduction  pro¬ 
cedure. 

For  the  set  of  experimental  results  reported  here,  the  recorded  data 
were  processed  by  analogue.  A  1/3-octave  spectrum  was  obtained  of  the 
acoustic  signal  for  each  aiming  position  of  the  reflector  using  a  General 
Radio  1921  Real-Time  Analyzer.  By  means  of  a  tape  speed  reduction  of  four, 
the  frequency  range  covered  was  from  150  Hz  to  80  kHz.  Since  the  reflector 
microphone  has  poor  focusing  ability  below  1  kHz,  the  useful  frequency  range 
of  the  reduced  data  is  from  1  kHz  to  80  kHz.  An  8-second  integration  time 
was  used  which  corresponds  to  2  seconds  in  real  time.  From  these  spectra, 
cross  plots  of  intensity  in  frequency  bands  as  a  function  of  aiming  point 
could  be  generated. 


8. 3. 2. 3  Flow  Visualization 

For  the  water  jet  experiments,  the  flow  was  visualized  by  using  a  dye  or 
hydrogen  bubbles. 

Dye  could  be  introduced  at  the  top  of  the  stilling  chamber,  to  color  the 
entire  jet  column.  Information  on  jet  spreading  rates  in  the  region  0-10 
diameters  downstream  was  determined  from  photographs  of  the  dyed  jet.  The 
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dye  used  was  common  red  food  coloring.  It  is  a  convenient  coloring  agent 
because  it  can  be  removed  with  ordinary  household  laundry  bleach.  After 
each  injection  of  dye  the  tank  could  be  cleared  of  color  in  a  few  moments, 
thus,  eliminating  the  costly  and  time-consuming  task  of  draining  and  re¬ 
placing  the  water. 

Hydrogen  bubbles  were  also  used.  A  thin  platinum  wire  was  placed  across 
the  exit  plane  and  pulsed  periodically  to  produce  a  sequence  of  lines.  By 
trial  and  error  it  was  determined  that  0.002-inch  diameter  platinum  wire  at 
voltages  of  about  100V  produced  the  best  results.  This  wire  is  small  enough 
to  give  the  disired  quantity  of  microscopic  bubbles,  and  yet  strong  enough  to 
withstand  normal  use.  An  axial  slice  of  the  jet  was  illuminated  using  a 
commerical  spot  lamp  and  a  vertical  slit;  the  arrangement  is  sketched  in 
Figure  8-44.  The  room  must  be  completely  darkened  to  provide  good  contrast 
between  bubbles  and  background.  Even  so,  obtaining  enough  light  is  a  problem. 
Shutter  speeds  were  normally  1/250,  using  a  Nikon  F  camera  with  f  1.4  lens. 

The  Tri-X  film  was  pushed  to  approximately  ASA  3000  by  a  special  developing 
technique.  Photographs  of  the  bubble  traces  give  a  good  qualitative  picture 
of  the  jet  flow  field  in  the  region  of  0  to  4  diameters.  In  certain  regions 
of  the  flow  field,  instantaneous  velocities  were  obtained  by  measuring  the 
spacing  between  lines. 


8 . 3 . 2 . 4  Variation  of  the  Initial  Flow  Conditions  by  Artifical  Means 

Since  a  very  limited  amount  of  information  is  available  on  the  effect  of 
initial  flow  conditions  on  the  development  of  a  turbulent  jet  and  on  the 
radiation  field,  a  number  of  different  ideas  have  been  explored  using  the  two 
facilities. 


Change  of  the  ^.litial  Shear  Layer  Thickness 

In  the  air  facility,  this  was  accomplished  by  the  use  of  a  48-diameter 
pipe  nozz Le.  It  is  estimated  that  the  boundary  layers  developing  along  the 
pipe  wall  are  merged  at  the  nozzle  exit  and  the  velocity  distribution  at  the 
exit  corresponds  to  that  of  a  fully  developed  pipe  flow.  The  measured  center 
velocity  at  the  exit  is  867  ft/sec. 

In  tlie  water  jet  facility,  limited  space  prevented  the  use  of  a  pipe 
nozzle  and,  instead,  a  corrugated  trip  ring  was  placed  1/4-inch  upstream  of 
the  nozzle  exit.  The  square  corrugations  protruded  from  the  wall  approximately 
one  boundary  Inver  thickness  (1 /16-inch),  and  wore  separated  around  the 
perimeter  of  the  ring  by  1/16-inch  spaces.  At  the  low  jet  Reynolds  numbers 
used  for  the  visualization  experiments,  the  trip  ring  did  not  produce  a  fu.ly 
turbulent  boundary  layer  at  the  nozzle  exit.  It  did,  however,  increase  the 
initial  shear  layer  thickness  by  about  a  factor  of  1.5  as  estimated  from 
photographs  (and  also  produced  noticable  turbulent  fluctuations  in  the 
developing  shear  layer) . 
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Figure  8-44.  Sketch  of  Arrangement  for  Hydrogen 
Bubble  Photography. 


Change  of  the  Initial  Fluctuation  Level  (Introduction  of  Periodic 
Disturbances) 


In  the  air  jet  facility,  the  turbulence  level  at  the  nozzle  exit  was 
increased  by  the  use  of  a  "fully  rough"  pipe  nozzle  as  described  in  Section 
8.3.1.  It  is  estimated  that  the  turbulence  level  at  the  nozzle  exit  was 
increased  by  approximately  75%  over  that  corresponding  to  the  smooth  pipe 
nozzle. 

In  the  water  facility,  the  fluctuations  were  introduced  in  the  form  of 
periodic  disturbances  having  an  rms  amplitude  between  2.5%  and  3.5%  of  the 
jet  exit  velocity.  This  was  done  by  periodically  constricting  the  jet  supply 
tube  at  a  known  frequency  and  amplitude.  Such  periodic  constrictions  caused 
the  flow  in  the  jet  nozzle  to  exhibit  a  small,  unsteady  component  which  was 
in  phase  over  the  jet  cross  section.  To  maintain  constant  velocity  fluctuation 
amplitude  at  the  jet  exit  plane  required  a  different  amplitude  of  forcing  for 
each  frequency.  The  response  of  the  jet  apparatus  to  a  periodic  forcing  of 
fixed  amplitude  is  shown  in  Figure  8-45  for  three  Reynolds  numbers  (flow  rates). 
(These  amplitude  measurements  were  made  with  a  hot-film  probe  placed  approximately 
1  inch  upstream  from  the  nozzle  exit  plane.)  The  velocity  induced  by  a  dis¬ 
placement  of  fixed  amplitude  might  be  expected  to  increase  linearly  with 
frequency  as  indie,.  '  ed  by  the  line  of  unit  slope.  This  is  seen  to  be  only 
approximately  true,  since  the  apparatus  has  a  resonance  at  about  3.5  Hz.  These 
measured  response  curves  were  used  to  determine  the  required  amplitude  of 
forcing  at  each  frequency  to  keep  the  velocity  fluctuation  amplitudes  within 
the  specified  range. 


8.3.3  Results  and  Discussion 


It  is  important  to  emphasize  that  the  results  presented  here  should  be 
considered  preliminary.  The  primary  purpose  of  the  investigation  was  to  look 
at  several  different  cases  to  obtain  an  overview  of  the  effect  of  nozzle 
shapes  and  entrance  conditions,  and  to  discover  certain  trends.  Emphasis  is 
placed  upon  qualitative  features  rather  than  absolute  measurements. 


8. 3. 3.1  Elliptic  Jet 

Before  discussing  the  characteristics  of  the  noise  radiation  in  the  far 
field,  it  is  useful  to  describe  the  observations  of  the  jet  flow  itself. 

Transition  to  turbulence  in  the  elliptic  jet  occurs  in  a  particularly 
violent  manner  that  is  best  visualized  by  dying  only  the  thin  boundary  layer 
on  the  nozzle  wall,  as  in  Figure  8-46.  (This  was  done  by  introducing  dye 
through  a  series  of  fine,  (0.010- inch)  slots  cut  through  the  nozzle  wall  just 
upstream  of  the  jet  exit  plane.)  The  vortices  which  form  initially  are 
nearly  two  dimensional  and  are  parallel  to  the  major  axis.  At  about  3  minor 
diameters  downstream,  the  corner  regions  literally  explode  and  spread 
vorticity  rapidly  into  the  core  along  the  plane  containing  the  major  axis. 

The  overall  width  of  the  jet  spreads  only  slowly  in  the  plane  of  the  major 
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Figure  8-45.  Peak-to-Peak  Velocity  Fluctuations  Produced  Near  the 
Jet  Exit  Plane  as  a  Result  of  a  Periodic,  Fixed- 
Amplitude  Forcing. 
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Figure  8-46.  Dye  Visualization  of  5:1  Elliptic  Nozzle  (The  Major  Axis  is  in 
View).  Dye  is  Introduced  into  the  Nozzle  Boundary  Layer  at  a 
>  Jet  Reynolds  Number  of  1325  (Based  Upon  Minor  Diameter). 
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axis;  but  viewed  ia  the  plane  of  the  minor  axis,  the  growth  is  much  more 
rapid.  Figure  8-47.  The  jet  actually  attains,  at  10  diameters  downstream, 
its  greater  width  in  the  plane  of  the  minor  axis.  (Forcing  does  not  affect 
this  growth  rate  much,  although  it  does  increase  the  spreading  rate  in  the 
plane  of  the  major  axis.) 

Particular  significance  should  be  attached  to  the  following  three  points: 
(1)  the  jet  attains  a  nearly  symmetric  character  within  10  diameters  from  the 
nozzle,  (2)  the  interaction  between  neighboring  vortices  shows  a  very  different 
process  from  the  circular  case  suggesting  that  the  quadrupole  character  of 
the  acoustic  sources  is  different,  and  (3)  the  large  spreading  rate  in  the 
plane  of  the  minor  axis  is  accomplished  by  a  strong  vorticity  flux  into  the 
core  along  the  major  axis  and  outward  in  the  plane  of  the  minor  axis. 

The  far-field  noise  intensities  measured  at  10  different  directions  from 
the  jet  axis  and  at  two  azimuthal  angles  are  shown  in  Figure  8-48.  Plotted 
on  the  same  figure  is  the  OASPL  directivity  of  a  1-inch  circular  nozzle 
operated  at  approximately  the  same  exit  velocity.  The  1-inch  nozzle, 
incidentally,  has  exactly  the  same  cross-sectional  area  as  that  of  the 
elliptic  one  and,  therefore,  the  intensity  measurements  are  directly  comparable. 
The  result  is  that  there  is  no  significant  difference  between  the  three  sets 
of  data.  This  is  particularly  true  for  the  large  (0i>14O°)  and  small  (6j<110°) 
radiation  angles.  Nevertheless,  closer  examination  of  the  results,  especially 
the  noise  spectral  density  distributions  (Figures  8-49  through  8-51)  does 
point  to  a  number  of  differences.  The  radiation  intensity  of  the  elliptic 
jet  is  larger  than  that  of  the  circular  jet  in  the  range  140°>9x>110° ; 
this  is  true  even  in  the  azimuthal  direction  <j>  =  0°  where  a  different  trend 
might  be  expected.  The  higher  energy  radiation  is  occurring  primarily  in  the 
low  frequency  region  (for  all  values  of  0 x )  and  only  at  large  radiation 
angles  at  high  frequency  do  the  measurements  show  less  intensity  emanating  in 
the  direction  perpendicular  to  the  plane  of  the  minor  axis  (<(>  =  0°).  These 
results  are  consistent  with  the  conjecture  that  the  low  frequency  radiation 
is  associated  with  the  pairing  process  of  the  large  scale  vortices  which  is 
observed  to  be  more  "violent"  that  seen  m  a  round  jet;  the  high  frequency 
radiation,  on  the  other  hand,  is  related  to  the  smaller  scale  vorticity 
fluctuations  that  seem  to  have  considerably  larger  amplitude  in  the  direction 
$  =  90°  than  for  <j>  =  0°  (Tables  8-1  and  8-2). 

It  is  interesting  to  note  that  the  above  observations  might  also  give  a 
possible  explanation  of  the  observed  fact  that  at  supersonic  speeds  an 
elliptic  nozzle  is  more  effective  in  redirecting  the  radiated  energy  than  at 
subsonic  Mach  numbers.  In  a  recent  work O 27)  it  has  been  shown  that  a  large 
part  of  the  radiated  energy  is  generated  by  Mach  waves  around  the  potential 
core  region  of  a  supersonic  jet;  furthermore,  it  is  conjectured  that  the  waves 
are  produced  by  the  supersonically  convected  "turbulent  bumps".  It  might  be 
speculated,  therefore,  that  on  the  basis  of  visual  observations  the  formation 
of  the  bumps  are  more  numerous  (and  of  larger  amplitude)  in  the  plane  of  the 
major  axis  of  an  elliptic  jet  compared  to  that  of  the  minor  axis.  Thus,  the 
fact  that  less  energy  is  radiated  in  the  direction  normal  to  the  minor  axis 
might  be  explained  by  a  lower  intensity  Mach  wave  radiation  in  that  direction. 
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Figure  8-49. 
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8. 3. 3. 2  Smooth-  and  Rough-Pipe  Cases 


Far-field  noise  -  Far-field  noise  spectra  and  intensities  at  10  different 
directions  from  the  jet  axis  have  also  been  obtained  for  these  two  cases. 
Results  of  the  1/3-octave  spectra  are  tabulated  in  Tables  8-3  and  8-4.  As  it 
has  been  demonstrated  in  the  other  part  of  this  program  that  jet  noise  scales 
with  diameter,  the  present  results  will  be  compared  with  an  "equivalent"  1/2- 
inch  nozzle  results  scaled  from  the  2-inch  nozzle  data.  Figure  8-52  shows 
the  OASPL  directivities  of  the  smooth  pipe,  rough  pipe,  and  the  equivalent 
1/2-inch  nozzle. 

Since  the  momentum  flux  through  the  three  nozzles  is  not  the  same,  a 
direct  comparison  of  the  intensities  as  shown  in  the  figure  is  not  possible. 
Estimating  the  average  discharge  velocities  in  the  three  cases  and  assuming 
that  the  intensity  varies  with  the  eighth  power  of  the  velocity  (an  assump¬ 
tion  that  overestimates  the  intensity  for  6x>135°)  ,  the  intensities  have  been 
recalculated  and  compared  in  Figure  8-53.  The  following  interesting  observa¬ 
tions  can  be  made  on  the  basis  of  this  comparison: 

1.  The  difference  in  OASPL  directivities  of  the  nozzle  and  smooth  pipe 
flow  is  small,  it  is  within  the  accuracy  of  the  correction  described 
above.  This  is  further  born  out  when  the  normalized  spectral 
densities  are  compared  at  0j  =  160°  (Figure  8-54)  and  a  lesser 
extent  at  9j  =  90°  (Figure  8-55).  In  the  latter  case,  the  smooth- 
pipe  spectrum  exhibits  more  low  frequency  energy;  this  could  possibly 
be  explained  by  the  fact  that  the  initial  shear  layer  thickness 

near  the  jet  exit  is  considerably  larger  for  the  pipe  case  and, 
consequently,  the  corresponding  time  scales  are  also  larger.  An 
even  more  sensitive  basis  for  comparison  is  the  spectral  density  of 
the  source  strength  distribution  per  unit  length.  Contours  of 
equal  spectral  density  are  shown  in  Figures  8-56  and  8-57.  It  is 
seen  that  the  two  cases  exhibit  great  similarity  with  the  possible 
exception  of  the  low  frequency  range.  In  both  distributions,  the 
maximum  energy  occurs  at  a  Strouhal  number  of  about  0.2  and  at 
approximately  7  to  8  diameters  downstream  of  the  nozzle  exit. 

2.  Considerable  differences  exist,  however,  between  the  rough  pipe  and 
nozzle  data  (excepting  perhaps  the  radiation  field  near  the  nozzle 
axis).  The  most  remarkable  feature  of  the  noise  field  produced  by 
the  rough  pipe  flow  is  the  high  frequency  radiation  emanating  from 
regions  near  the  exit  plane.  Figure  8-58  shows  that  the  most 
intense  radiation  occurs  at  Strouhal  number  of  0.6  within  the  first 
diameter  of  the  jet.  The  directivity  pattern  of  the  radiation  is 
also  different,  as  seen  in  Figure  8-53. 

On  the  basis  of  these  preliminary  measurements  it  would  be  unwise  to 
make  general  conclusions.  Indications  are,  however,  that  provided  the 
initial  mean  velocity  distribution  is  not  too  different  from  a  top  hat 
profile,  and  provided  the  initial  turbulence  fluctuation  levels  are  not 
higher  than  those  found  in  a  smooth  turbulent  pipe  flow,  the  intensity  and 
directivity  of  the  far-field  radiation  is  not  altered  considerably.  However, 
for  turbulence  levels  of  higher  magnitude  at  the  exit  plane,  important  changes 
in  the  character  of  the  radiation  should  be  expected.  A  monopole  source 
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Tablo  8-4.  1/3  Octave  Far-Field  Noise  Spectra  for  Rough  Pipe. 
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Overall  78.33dB  81.92dB  84.67dB  87.10dB  88.08dB  86.43dB  88.01dB  84.93dB  86.31dB  85.53dB 


Noise  Between  Nozzle,  Smooth  Pipe  and  Rough  Pipe 


1/2-inch  Smooth  Pipe,  U,  -  867  fps 
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Figure  8-53.  Comparison  of  Directivities  of  Jet  Noise  Between  Nozzle,  Smooth  Pipe,  and  Rough  Pipe 
Data  Have  Been  Corrected  for  Equal  Thrust. 
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Figure  8-5-1.  Comparison  of  Normalized  1/3-Octave  Sound  Pressure  Levels  at 
=  160"  Between  Nozzle,  Smooth  Pipe,  and  Rough  Pipe. 
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Figure  8-55. 


Comparison  of  Normalized  1/3-Octavc  Sound  Pressure  Levels 
at  0j  =  90°  Between  Nozzle,  Smooth  Pipe,  and  Rough  Pipe. 
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located  at  the  nozzle  exit  is  one  possibility  that  is  consistent  with  the 
measurements:  it  produces  considerably  higher  intensities  for  0j<135°  but  its 
effect  diminishes  compared  to  the  convectively  amplified  quadrupole  source 
intensities  at  larger  angles. 


8 . 3 . 3 . 3  Effect  of  Artificial  Periodic  Disturbances 

The  introduction  of  a  controlled,  fixed-frequency  forcing  has  a  complicated 
effect  on  the  jet  which  depends  upon  the  Strouhal  number  of  the  forcing  and 
the  jet  geometry  (Strouhal  number  of  forcing  is  defined  as  Stf  =  fD/Uj ; 
where  f  is  the  frequency  in  Hz).  From  observations  of  jet  spreading  rates, 
it  appears  possible  to  affect  the  structure  of  the  jet  by  periodic  forcing, 
at  least  in  the  first  ten  diameters  of  the  jet.  The  various  jets  respond 
most  dramatically  to  Strouhal  numbers  of  forcing  which  lie  in  the  range 
between  (1)  an  upper  bound  comparable  to  (or  slightly  larger  than)  the 
Strouhal  numbers  characteristic  of  the  initial  jet  instability  (in  this  case 
about  Stf  =  1.25  at  Re  =  5000)  and  (2)  a  lower  bound  of  about  Stf  =  0.15- 
0.20.  Forcing  below  Stf  =0.2  seems  to  have  little  effect  in  the  region 
x<10  diameters  downstream.  In  the  range  of  greatest  response,  the  effect  of 
forcing  is  to  increase  the  spatial  coherance  of  the  flow.  For  example, 
f luctuations  in  the  spatial  positions  of  vortex  interactions  are  much  reduced. 

The  spatial  region  along  the  jet  column  which  is  most  strongly  influenced  by  the 
forcing  occurs  farther  downstream  with  decreasing  Strouhal  number.  That  is, 
forcing  the  jet  at  a  frequency  comparable  to  the  initial  instability  has  a  strong 
organizing  influence  on  the  flow  near  the  nozzle  exit,  while  forcing  at  a  lower 
frequency  organizes  the  flow  farther  downstream  -  after  an  appropriate  number  of 
pairings  has  reduced  the  characteristic  frequency  to  a  value  commensurate  with 
the  forcing.  It  also  follows  that  certain  lower  frequencies  -  those  which  are 
approximate  subharmonic  multiples,  f./2n,  of  the  initially  unstable  frequency, 
f^,  will  elicit  greater  responee  in  £he  jet. 

Figure  8-59  shows  (1)  the  unforced  jet  contrasted  with  two  examples  of 
forcing  (2)  Stf  =  .88  and  (3)  Stf  =  1.12.  The  same  structure  is  present  in 
all  three  cases  -  in  fact  the  interaction  of  vortices  is  even  more  violent  in 
(2)  and  (3).  Compare,  for  example,  the  magnitude  of  velocities  induced  along 
the  jet  axis  (in  the  potential  core)  for  the  forced  and  unforced  cases. 

Another  observation  which  can  be  made  from  Figure  8-59  is  that,  at  least 
in  the  single  axisymmetric  jet,  the  vortices  seem  to  lose  their  organized 
core  structure  in  the  region  4  to  5  diameters  downstream.  Visualization  of  the 
flow,  in  which  a  thin  layer  of  dye  is  introduced  into  the  nozzle  boundary 
layer,  thus  marking  the  fluid  which  initially  has  vorticity,  shows  the  same 
result.  At  about  4  to  5  diameters,  the  vortices  undergo  a  transformation 
(possibly  as  a  result  of  instability),  and  become  much  more  diffuse  regions 
of  vorticity.  They  remain  as  individual  entities  (Crow  and  Champagne  used 
the  term  "puffs"),  but  their  interaction  must  certainly  be  different  after 
having  lost  the  strongly  rotating  cores. 

The  gross  influence  of  forcing  for  the  various  jet  geometries  was  studied 
by  comparing  the  jet  spreading  rates  using  dye  introduced  into  the  jet  plenum 
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section.  The  boundary  between  jet  (dyed)  fluid  and  ambient  fluid  is  easily 
distinguished.  All  other  details  of  the  flow  are  lost,  but  the  variations  in 
spreading  rates  are  related  to  the  location  and  strength  of  the  vortex 
interactions.  The  width  of  the  jet  at  any  point  is  taken  to  be  the  maximum 
extent  of  dyed  fluid.  The  points  are  then  plotted  and  smoothed  by  eye.  This 
is  roughly  equivalent  to  fitting  an  envelope  near  the  points  of  maximum 
excursion  and  ignoring  any  "holes"  of  undyed  fluid  along  the  irregular  jet 
boundary.  Data  on  spreading  rates  for  the  five  geometries  studied  are 
described  below  (again  it  is  emphasized  that  trends  rather  than  numbers  are 
important) . 


Axisymmetric  Jet 

The  single  axisymmetric  jet  was  operated  with  a  smooth-walled  nozzle  and 
also  with  a  corrugated  ring  inserted  1/4-inch  upstream  from  the  nozzle  exit 
as  described  earlier.  The  data  for  the  jet  with  corrugated  ring  showed  less 
scatter  and  will  be  presented;  results  for  the  smooth-walled  jet  show  the 
same  trends,  but  have  growth  rates  roughly  15%  larger.  Figure  8-60  shows  the 
growth  of  the  jet  (with  corrugated  ring)  as  a  function  of  downstream  distance 
for  a  Reynolds  number  of  15,000.  In  the  absence  of  forcing,  the  growth  of 
the  jet  in  the  first  10  diameters  is  well  fitted  by  the  straight  line, 

x-x  x 

W/D  =  0.32  (-~),  =  -3.1, 


independent  of  Reynolds  number  (for  Re  from  5,000  to  15,000).  Several  data 
points  from  photographs  presented  in  the  literature  are  given  as  a  comparison. 
The  effect  of  forcing  is  first  to  increase  the  growth  rate  substantially,  and 
later  to  retard  growth.  At  10  diameters  downstream,  the  jet  may  be  either 
wider  or  narrrower  than  the  unforced  jet,  depending  upon  the  frequency  of 
forcing.  The  strength  of  the  forced  interaction,  measured  by  the  departure 
from  the  unforced  growth  rate,  is  largest  for  Stf  =  0.45. 


Axisymmetric  Jet,  Inclined  Exit  Plane 

Surprisingly,  the  inclination  of  the  exit  plane  has  practically  no 
effect  on  jet  spreading  in  the  absence  of  forcing.  With  forcing  present,  the 
jet  grows  more  rapidly  on  the  lee  side  (the  side  nearest  the  acute  angle  of 
the  nozzle  cross  section).  This  is  illustrated  by  photographs  of  the  dyed 
jet  in  Figure  8-61.  Again,  the  largest  interaction  occurs  for  a  Strouhal 
number  of  =*bout  Stf  =  0.45.  The  reason  for  enhanced  growth  on  the  lee  side 
is  apparently  related  to  the  complicated  manner  in  which  the  vortex  pairing 
interaction  takes  place.  A  hydrogen  bubble  photograph  of  the  flow  is  shown 
in  Figure  8-62  for  a  Reynolds  number  of  5000. 
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It  is  interesting  to  compare  the  spreading  rate  of  the  tube  array  with 
that  of  the  single  jet.  For  this  purpose,  the  width  of  the  turbulent  jet  and 
the  downstream  distance  are  normalized  by  the  maximum  width  of  the  array  at 
the  exit  plane  (equal  to  5  times  the  diameter  of  the  individual  tubes).  The 
results  are  shown  plotted  in  Figure  8-63.  With  no  forcing,  the  multiple  jet 
width  grows  at  a  slightly  faster  rate  than  the  single  jet  -  at  least  in  the 
first  5  diameters  downstream.  The  effects  of  forcing  are  somewhat  different 
from  those  of  the  single  jet,  however.  At  the  higher  Strouhal  numbers,  the 
multiple  jet  initially  grows  more  slowly  than  in  the  unforced  case.  Here  the 
Strouhal  numbers  are  based  on  the  diameter  of  the  individual  tubes.  Strouhal 
numbers  based  upon  the  maximum  width  of  the  array  would  be  5  times  larger. 

8.3.4  Conclusions 

The  exploratory  experiments  described  in  this  report  were  designed 
primarily  to  provide  qualitative,  basic  information  concerning  two  possible 
techniques  that  have  been  suggested  for  altering  the  noise  characteristics  of 
turbulent  jets:  (1)  redirecting  the  radiation  pattern  by  the  use  of  elliptic 
nozzle  shapes,  and  (2)  disturbing  the  exit  flow  conditions  and  thereby 
affecting  the  mixing  process. 

The  experiments  with  a  5  to  1  aspect  ratio  elliptic  nozzle  produced  the 
following  results: 

1.  No  significant  differences  were  found  in  the  directivity  charac¬ 
teristics  of  the  noise  intensities  for  subsonic  jets; 

2.  The  small  but  observable  increase  in  radiation  intensity  around 
Ql^lSS0  (for  both  of  the  measured  azimuthal  angles)  is  believed  to 
be  caused  by  a  different  entrainment  process  visually  observed 
along  the  first  ten  diameters  of  the  jet. 

3.  It  is  conjectured  that  this  difference  could  produce  a  noticable 
decrease  in  the  Mach  wave  radiation  for  supersonic  jets. 

Several  experiments  have  been  carried  out  to  study  the  effect  of  flow 
disturbances  at  the  exit  plane. 

1.  If  the  disturbances  at  the  exit  correspond  to  those  of  a  fully 

developed  turbulent  pipe  flow  having  an  amplitude  on  the  centerline 
of  about  2%  of  the  mean  velocity,  only  small  changes  in  character 
of  the  radiation  field  are  found.  Apparently,  whatever  changes 
occur  in  the  mixing  process  due  to  the  disturbed  exit  conditions 
must  occur  only  over  a  few  diameters  from  the  exit  plane  and  do  not 
affect  appreciably  the  radiation  field.  This,  however,  is  not  the 
case  for  an  exit  flow  corresponding  to  a  rough  pipe  flow.  (The 
mean  discharge  velocity  is  75%  of  the  center  velocity  and  the 
centerline  fluctuations  are  about  4%  of  the  mean  velocity) .  In 
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(b)  Stf  =  0.45,  0.60,  and  0.60 


Figure  8-63.  Visually  Determined  Spreading  Rate  for 
Hexagonal  Array  of  Jets  with  Periodic 
Forcing  at  Rep  =  15,000 
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this  case  a  strong,  high  frequency  acoustic  source  was  found  to 
exist  close  to  the  nozzle  exit.  It  is  conjectured  that  this  is 
produced  by  mass  flow  fluctuations  across  the  exit  plane. 

Artifical  periodic  disturbances  (with  amplitudes  of  approximately 
3%  of  the  jet  velocity)  introduced  upstream  of  the  nozzle  produced 
measurable  changes  in  the  spreading  rates  of  the  various  jet 
configurations  under  investigation.  The  changes  and  the  axial 
location  of  the  changes  strongly  depended  on  the  Strouhal  number  of 
the  disturbances.  It  was  possible  to  enhance  or  to  inhibit  the 
local  mixing  rates  of  the  jet.  It  is  still  to  be  shown  whether  or 
not  such  a  method  could  serve  as  a  practical  means  to  reduce  the 
intensity  of  jet  noise  radiation. 


8.4  EJECTOR  AEROACOUSTICS 


Since  the  mid-1950's,  the  concept  of  adding  an  ejector  to  the  exhaust 
nozzle  of  a  gas  turbine  aircraft  engine  has  been  under  investigation  as  a 
means  of  suppressing  jet  noise.  The  results  to  date  have  been  mixed,  i.e., 
some  investigators  have  reported  10  to  12  dB  suppression  with  the  addition  of 
an  ejector,  while  others  have  found  little  or  no  noise  reduction.  A  need 
therefore,  exists  to  undertake  a  systematic  study  of  ejector  nozzles  and 
understand  the  principal  mechanisms  involved  in  ejector  nozzle  operation  and 
associated  noise  emission. 

A  plan  was  formulated  in  the  present  program  to  examine  the  aeroacoustic 
characteristics  of  ejector  nozzles.  An  experimental  investigation  was 
planned  which  would  consist  of  a  parametric  study  of  the  influence  of  ejector 
geometric  variables  (ejector  length,  axial  position  and  diameter)  on  the 
acoustic  characteristics  for  a  round,  convergent  nozzle.  Concurrently,  an 
analytical  study  was  formulated  which  consisted  of  developing  an  existing 
NASA  ejector  flow  analysis  for  integration  into  the  Task  2  aeroacoustic 
modeling  program.  The  basic  plan  was  to  utilize  the  NASA  ejector  flow  analy¬ 
sis  computer  program  for  predicting  the  ejector  nozzle  exit  flow  conditions, 
and  then  use  these  exit  flow  conditions  as  initial  conditions  to  a  jet  plume 
mixing  calculation,  from  which  the  noise  could  then  be  calculated.  Subse¬ 
quent  comparisons  of  predicted  and  measured  ejector  nozzle  jet  noise  charac¬ 
teristics  could  then  be  made  to  evaluate  the  relevance  of  turbulent  mixing, 
convective  amplification,  and  fluid  shielding  mechanisms  in  explaining  these 
characteristics . 

A  survey  of  the  experimental  results  on  ejector  nozzle  acoustics  avail¬ 
able  in  the  open  literature  showed  that,  for  a  round,  convergent  nozzle,  the 
addition  of  an  ejector  shroud  does  not  provide  significant  acoustic  suppres¬ 
sion  unless  the  ejector  leneth  exceeds  10  to  12  primary  nozzle  diameters. 

The  results  of  Middleton ,  for  exampie>  show  that  the  peak  noise  suppres¬ 
sion  is  less  than  3  dB  for  L/d  <_  12,  where  L  =  ejector  length  and  d  *  primary 
nozzle  diameter.  A  maximum  suppression  of  7  to  8  dB  was  demonstrated  for 
L/d  =  32.  These  results  are  shown  in  Figure  8-64.  Practical  exhaust  nozzle 
systems  cannot  tolerate  ejector  lengths  much  greater  than  L/d  ~  1.5  to  2.0,  due 
to  the  severe  weight  penalty  incurred. 

Based  on  the  previous  results  obtained  by  other  investigators  [Middle- 
ton(128)  summarizes  the  early  NACA  work],  it  was  concluded  that  additional 
parametric  experiments  on  conical  nozzle/ejector  systems  are  of  little  prac¬ 
tical  value.  It  was  found,  however,  from  the  survey  of  previous  work,  that 
ejectors,  when  combined  with  suppressor  nozzles  (e.g.,  lobe  nozzles,  multi¬ 
tube  nozzles,  etc.)  can  provide  additional  modest  noise  reductions  (2  to  4  dB) 
over  the  bare  primary  nozzle  levels  without  excessive  ejector  lengths. 
Experimental  evaluation  of  several  suppressor  nozzles  with  ejectors  has  been 
carried  out  in  Task  3  of  the  present  program. 

A  computer  program  for  predicting  the  internal  flow  field  of  ejector 
nozzle  systems  was  developed  by  Anderson(129)  of  NASA.  This  program  was 
provided  to  General  Electric  Company  by  NASA-Lewis  and  was  subsequently 
modified  for  use  on  the  GE  computer  facilities.  A  computer  users  manual  for 


the  GE  version  was  written  [Bridges (130) ] f  and  the  capability  for  automatic 
computer-plotting  of  nozzle  flow  field  characteristics  was  incorporated  (an 
example  of  which  is  shown  in  Figure  8-65) . 

After  exercising  the  ejector  nozzle  program  for  several  nozzle  config¬ 
urations  and  operating  conditions,  it  was  found  that  it  had  certain  limita¬ 
tions  which  prevented  it  from  being  a  useful  tool  in  predicting  ejector 
noise.  Specifically,  it  is  only  applicable  to  primary  nozzles  operating  at 
supercritical  pressure  ratios  which  are  sufficiently  high  so  as  to  preclude 
the  occurrence  of  subsonic  flow  regions  inside  the  ejector  nozzle.  No  pro¬ 
vision  is  made  for  computing  subsonic  flow  in  the  primary  stream.  It  was  not 
possible  to  obtain  ejector  exit  plane  solutions  at  pressure  ratios  corres¬ 
ponding  to  engine  takeoff  power  settings.  Additionally,  it  is  limited  to 
axisymmetric  nozzles,  so  that  suppressor  configurations  cannot  be  handled 
with  this  procedure.  Because  of  these  limitations,  further  development  of  the 
NASA  ejector  nozzle  flow  analysis  program  was  not  warranted,  and  an  entirely 
new  ejector  nozzle  flow  prediction  procedure  is  not  practical. 

A  discussion  of  the  acoustic  properties  of  ejectors  in  terms  of  physical 
shielding  mechanisms  is  given  in  Section  4.8  of  this  report. 


Example  Ejector  Nozzle  Flow  Field  (Program  Generated) 


8.5  PHYSICAL  OBSTRUCTION  NOISE 


This  section  addresses  the  issue  of  excess  noise  that  may  be  generated  by 
the  placement  of  suppressor  elements  normal  to  the  flow  path,  such  as  spokes 
or  chutes. 

Two  pertinent  literature  sources  in  this  area  are  Gordon^^l) 
and  YudinO-32)  which  studied  experimentally  the  noise  generated  by  the  insertion 
of  obstructions  in  pipes  carrying  flow.  The  most  important  conclusion  reached 
is  that  the  total  noise  radiated  by  such  obstructions  can  be  successfully 
correlated  by  the  total  pressure  drop  induced  by  such  elements,  in  other 
words,  by  a  formula  of  the  type: 

3  2  2  3 

P  =  k  (Ap)  D  /p  c  (402) 

where  P  is  the  total  noise  power  radiated  due  to  insertion  of  the  obstruction, 

Ap  the  total  pressure  drop  induced  by  the  insertion  of  the  element,  D  the  dia¬ 
meter  of  the  pipe  carrying  the  flow.  Pa  the  density  of  the  ambient  medium  and 
ca  the  speed  of  sound  of  the  ambient,  k  is  a  nondimens ional  constant  (discussed 
later) . 

The  remarkable  feature  of  equation  (402)  is  that,  independent  of  the  type 
of  "spoiler"  or  obstruction  element,  the  total  pressure  drop  induced  by  the 
element  suffices  to  characterize  its  noise  generating  potential.  There  is  no 
dependence  in  equation  (402)  on  the  Reynolds  number,  although  the  total  pressure 
drop  itself  is  a  function  of  Reynolds  number  through  its  dependence  on  obstruc¬ 
tion  drag  coefficient  Cq.  Neither  study  reports  any  dependence  on  the  flow 
Mach  number  but  this  may  be  related  to  the  fact  that  the  tests  were 
primarily  for  low  Mach  numbers  flows,  i.e.,  M  <  0.3. 

Both  references  (131  and  132)  point  out  that  a  dependence  of  type  (402) 
can  be  expected  if  a  free  field  dipole  type  mechanism  is  postulated  and  if 
some  additional  assumptions  are  made  regarding  the  strength  and  frequency  of 
the  free  field  dipole.  The  argument  is  as  follows.  The  total  power  radiated 
by  a  point  dipole  oscillating  in  a  free  field  at  frequency  f  and  strength  Fu 
can  be  shown  to  be 

2  2  3 

P  -  F  f  /p  c  (403) 

u  a  a 

assuming  first  that  the  unsteady  force  exerted  by  such  an  obstruction  is  pro¬ 
portional  to  the  steady  drag  force  F  exerted  by  such  an  obstruction  element. 

In  the  above,  F  ~  (Ap)  Dt  where  (Ap)  is  the  total  pressure  drop  produced  by  the 
steady  flow  past  the  obstruction  D,  the  pipe  diameter  and  t  the  thickness  of 
the  obstruction  ("t"  is  identified  in  reference  131  more  with  the  thickness  of 
the  wake  created  by  the  obstruction).  The  velocities  U  created  by  the  con-  - 
stricting  effect  of  the  obstruction  will  be  of  order  /(Ap)/pa  and  the  frequency 
f  of  the  dipole  excitation  mechanism  is  assumed  to  vary  as  U/t.  Substituting 
the  above  into  equation  (403)  leads  to  (402) .  Gordon  credits  Yudin  with  this 
rather  simple  but  effective  scheme  of  basing  the  power  prediction  on  (Ap). 
Gordon^1'  demonstrates  that  for  a  wide  range  of  obstruction  types,  except  for 
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classical  eighth  power  law  (i.e.,  power  -  (Ap)  )  jet  noise  contamination  at 
high  (Ap),  an  equation  of  type  (402)  succeeds  in  collapsing  the  data.  With 
regard  to  "k",  Gordon  finds  that  for  obstructions  deeply  embedded  in  semi¬ 
infinite  pipes,  "k"  has  a  value  of  about  (2.5)  •  10-4.  For  jet  noise  applica¬ 
tions,  however,  one  is  more  interested  in  obstructions  located  at  the  pipe  exit 
plane.  For  |hese  obstruction  types,  Gordon  finds  a  much  lower  value  of  "k" 
of  (3)  •  10“  .  Except  for  some  limited  test  data  by  Gordon,  there  is  very 
little  information  on  the  case  of  obstructions  located  at  the  nozzle  exit  plane 
in  either  reference  131  and  132. 

The  collapse  of  the  power  spectrum  achieved  by  Gordon  is  not  as  satisfac¬ 
tory  as  that  for  the  total  power,  but  he  does  show  the  following:  Defining 
a  constricted  velocity  Uj,  by  /2Ap/pa,  the  power  spectrum  on  a  percent  bandwidth 
basis  (i.e.,  one-third  octave,  etc.)  peaks  at  [(0.4)  Ui/t]  and  varies  as  f3/2  from 
low  frequencies  up  to  this  peak  value,  and  as  f-0.8  thereafter.  Finally  (at 
least  for  low  Mach  number  flows),  the  relative  directivity  of  this  noise  source 
is  essentially  very  similar  to  that  of  classical  jet  noise  at  the  same  frequency. 

Summarizing  the  above  discussion  for  prediction  purposes,  note  the  follow¬ 
ing:  The  total  pressure  drop  (Ap)  induced  by  the  obstruction  element  is  of 
crucial  significance  and  must  be  determined  either  experimentally  or  deduced 
from  prior  experience^  The  total  power  can  then  be  estimated  from  equation 
(402)  with  k  =  (3) (10“  ^  for  obstruction  elements  located  at  the  nozzle  exit 
plane  and  k  =  (2.5) (10^;  for  obstruction  elements  located  well  upstream  (with¬ 
in  the  pipe)  of  the  nozzle  exit  plane.  The  power  spectrum  on  a  percent  band¬ 
width  basis  peaks  at  a  frequency  [(0.4)  U^/t]  where  ■  V2Ap/pa  and  t  *  trans¬ 
verse  thickness  of  the  obstruction  (i.e.,  maximum  width  of  a  chute  or  spoke  ele¬ 
ment,  etc.).  Up  to  the  peak  frequency,  the  variation  with  frequency  of  the  per¬ 
cent  bandwidth  power  spectrum  is  as  f3/2  an(j  subsequently  as  f~®*®.  The  direc¬ 
tivity  of  this  obstruction  noise  mechanism  appears  to  be  the  same  as  that  of  jet 
noise  at  the  same  frequency. 

As  noted  in  Section  10.0,  it  would  be  desirable  to  conduct  further  experi¬ 
mental  studies  of  physical  obstruction  noise  with  high  velocity,  high  tempera¬ 
ture  flows,  with  obstructions  located  at  the  exit  of  the  nozzle.  A  problem 
may  arise,  however,  with  this  high-velocity/high-temperature  regime,  in 
separating  out  the  contribution  of  physical  obstruction  noise  from  that  of  jet 
mixing  noise,  A  much  more  comprehensive  discussion  of  obstruction  noise 
appears  in  reference  137. 
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9.0  CONCLUDING  REMARKS 


The  major  thrust  of  Task  2  of  this  program  has  been  to  examine,  explore, 
and  quantify  various  mechanisms  thought  to  play  an  important  role  in  the 
generation  and/or  emission  of  jet  noise.  The  approach  has  been  to  conduct 
parallel  theoretical  and  experimental  studies  of  these  mechanisms,  with  the 
experiments  specifically  designed  to  compliment  and/or  verify  the  theoretical 
results.  Emphasis  has  also  been  placed  on  mechanisms  responsible  for  the 
suppression  and  reduction  of  jet  noise. 

It  has  been  concluded  that  jet  noise  is  primarily  a  result  of  turbulent 
mixing  processes  occurring  in  the  jet  plume  itself.  The  turbulent  momentum 
fluctuations  produced  in  the  shear  layers  of  the  jet  are  the  primary  source 
of  noise  generation.  The  turbulent  fluctuations  behave  as  multipole 
sources  of  sound  which  convect  downstream  with  the  flow.  Their  emission  is 
altered  through  convective  amplification  due  to  source  motion,  and  through 
acoustic  shielding  by  the  surrounding  jet  flow  itself.  For  underexpanded 
jets  operating  at  supercitical  pressure  ratios,  an  additional  mechanism, 
shock-cell  broadband  noise,  contributes  significantly  to  the  total  jet 
noise  spectrum,  particularly  in  the  forward  quadrant.  The  many  experimental 
and  theoretical  studies  conducted  during  the  course  of  Task  2  have  pointed 
to  the  above  mechanisms  as  primarily  responsible  for  the  observed  charac¬ 
teristics  of  jet  noise. 

The  unified  aeroacoustic  jet  noise  prediction  model  which  has  been 
developed  is  considered  to  be  a  major  product  of  the  Task  2  effort.  This 
model  embodies  the  mechanisms  discussed  above,  and  synthesizes  the  jet 
plume  as  a  collection  of  uncorrelated,  convecting,  turbulent-eddy  sound 
sources  embedded  in  a  parallel  shear  flow.  The  model,  based  on  analytic 
descriptions  of  both  the  aerodynamic  and  acoustic  characteristics  of  the 
jet,  is  capable  of  predicting  the  observed  jet  noise  for  a  wide  variety  of 
jet  nozzles  over  a  wide  range  of  operating  conditions. 

Based  on  the  data/theory  comparisons  made  in  this  study  for  both 
static  and  in-flight  cases,  it  is  concluded  that  the  turbulent-mixing  noise 
generation/convection/shielding  mechanisms,  in  combination  with  the  shock¬ 
cell  noise  mechanism,  sufficiently  explain  the  observed  characteristics  of 
jet  noise,  at  least  for  jet  velocities  higher  than  ^1400  fps.  There  does 
not  appear  to  be  any  significant  unexplained  excess  noise  mechanism  responsible 
for  the  observed  noise  changes  due  to  flight,  and  in  fact  the  above  aero¬ 
acoustic  model  adequately  predicts  these  changes. 

Several  areas  have  been  identified  where  improvements  in  the  aero¬ 
acoustic  model  would  be  desirable.  These  include  (1)  a  better  description 
of  the  time-dependent  turbulent  structure  parameters  relevant  to  jet  noise 
(length-scale,  convection  speeds,  correlation  spectra,  etc.),  (2)  modeling 
of  the  base  pressure  effects  for  multielement  nozzles,  (3)  incorporation  of 
initial  turbulence  level  effects,  and  (4)  extension  of  the  shock-cell  noise 
prediction  to  multielement/multiflow  configurations.  All  of  these  improve¬ 
ments  are  possible  within  the  present  model  framework. 
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10 . 0  RECOMMENDATIONS  FOR  FURTHER  WORK 


10.1  AEROACOUSTIC  MODEL 


Since  shock  noise  is  known  to  be  quite  important  under  certain  conditions, 
a  generalized  procedure  of  shock  noise  prediction  is  desirable.  The  Harper- 
Bourne/Fisher  (69)  method  is  restricted  to  the  round  nozzle  static  case.  The 
method  has  been  generalized  to  some  extent  in  the  present  report  by  extending 
it  to  cover  rectangular  nozzles  and  by  extending  it  to  the  flight  case  for 
round  nozzles  by  the  use  of  the  dynamic  correction  (1  -  Mp  cos  0i)-4,  but 
much  more  remains  to  be  done  in  terms  of  a  general  procedure  applicable  to 
dual  flow  systems,  suppressor  nozzles,  etc.  It  is  quite  probable  that  to 
accomplish  this,  a  simplified  method  to  predict  shock  structure  aft  of 
arbitrary  nozzles  will  have  to  be  developed. 

The  "turbulent  mixing"  analysis  employed  currently  only  predicts  time 
independence  plume  properties  and  deduces  the  relevant  time-dependent  proper¬ 
ties  needed  to  predict  jet  noise  by  locally  applied  similarity  arguments. 

Some  of  the  more  recent  mixing  analyses  such  as  those  associated  with  Spalding 
and  his  co-workers  are  (in  principle)  capable  of  predicting  quantities  such 
as  length  scales,  etc.  Incorporation  of  such  methods  may  be  warranted  if 
systematic  failures  are  found  with  the  present  method  in  future  applications. 
Such  a  step  must  be  taken  with  great  caution,  however,  since  these  newer 
methods  would  add  considerable  complexity  and  cost  to  the  computer  program 
used  in  the  present  version  of  the  method  (and  thus  decrease  its  utility  as 
a  preliminary  design  tool) . 

Much  more  data- theory  calibration  and  "fine  tuning"  of  the  present 
method  needs  to  be  carried  out  for  the  case  of  flight  jet  noise.  This  can 
be  done  as  more  reliable  clean  flight  data  become  available  for  exhaust 
systems  other  than  the  round,  conical  nozzles. 

In  this  report,  a  logical  extension  of  Reichardt's  method  to  allow  for 
nonconstant  static  pressure  mixing  has  been  presented.  However,  this  exten¬ 
sion  required  the  specification  a-priori  of  these  base  pressure  variations, 
and  for  this  reason,  was  not  exercised  in  the  present  report  to  predict  jet 
noise,  even  in  circumstances  such  as  small  area  ratio  suppressor  nozzles 
where  these  effects  may  be  important.  Further  work  to  implement  this  exten¬ 
sion  is  desirable. 

The  aeroacoustic  model  has  been  used  in  the  present  task  primarily  as  a 
far-field  SPL  spectrum  prediction  tool.  However,  it  is  capable  of  much  more 
in  that  a  wide  variety  of  diagnostic  and  parametric  calculations  can  be 
performed  with  it.  As  an  example,  since  it  basically  uses  a  "lump-of-jet" 
approach  (discretizes  the  jet  plume  into  a  very  large  number  of  small 
volumes  and  computes  the  radiation  from  each),  it  is  in  fact  an  analytical 
source  location  tool.  That  is,  it  can  predict  which  part  of  the  jet  con¬ 
tributed  what  to  the  far-field  SPL  spectrum.  Similarly,  by  running  the 
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program  in  three  options,  first  in  totality,  second  by  suppressing  the  fluid 
shielding  terms,  and  third  by  suppressing  the  fluid  shielding  and  convective 
amplification  terms,  one  can  assess  in  a  given  situation  how  much  of  the 
suppression  can  be  attributed  to  source  reduction,  how  much  to  fluid  shielding, 
and  how  much  to  reduced  convective  amplification.  By  virtue  of  this  ability 
to  inexpensively  run  large  numbers  of  diagnostic  and  parametric  calculations, 
significant  optimum  design  procedures  may  emerge.  One  such  example  already 
achieved  was  the  54-element  coplanar  suppressor  nozzle  tested  in  Tasks  3  and 
5,  which  was  conceived  by  the  Task  2  program. 

The  inapplicability  of  the  NASA  Lewis  ejector  aerodynamic  program  at 
takeoff  conditions  prevented  the  extension  of  the  present  aeroacoustic  model 
to  predict  jet  noise  with  ejector  nozzles.  (An  engineering  correlation 
method  of  predicting  ejector  acoustic  performance,  however,  is  outlined  in 
Task  3.)  Should  the  employment  of  treated  ejectors  become  a  serious  option 
for  jet  noise  suppression,  the  extension  of  the  aeroacoustic  method  to 
predict  ejector  aeroacoustics  from  "first  principles"  is  recommended. 

10.2  EXPERIMENTAL  WORK 

In  application,  the  primary  interest  in  jet  noise  is  in  heated  jet 
flows,  and  the  bulk  of  the  experiments  reported  here  as  well  as  in  the 
literature  are  for  hot,  high  velocity  flows.  This  poses  a  problem  because 
temperature  and  velocity  effects  are  combined.  More  fundamentally,  since 
there  is  at  present  no  convenient  nonintrusive  instrument  comparable  to  the 
LV  capable  of  mapping  the  temperature  field  in  high  velocity,  high  tempera¬ 
ture  jet  flows,  it  has  not  been  possible  to  check  the  predictions  of 
Reichardt's  method  for  temperature  prediction  as  has  been  possible  for  the 
velocity  prediction.  Several  laser  techniques  for  temperature  measurement 
based  on  Rayleigh  and  Raman  scattering  are  under  development,  and  as  such 
techniques  reach  the  maturity  of  current  LV  capability,  independent  checks 
of  plume  temperature  prediction  ought  to  be  carried  out.  Since  fluid  shield¬ 
ing  is  both  temperature  and  velocity  sensitive,  there  is  a  need  to  indepen¬ 
dently  measure  both  these  quantities.  Lacking  such  capability,  additional 
isothermal  or  cold  flow  tests  could  be  included  in  future  work  (although 
they  are  Limited  in  relevance,  and  limited  in  the  velocity  to  which  testing 
can  be  carried  out)  without  contusing  effects  due  to  intrusion  by  shock 
noise . 


Flow  obstruction  noise,  especially  as  related  to  multichute,  multispoke 
nozzles  needs  further  experimental  investigation. 

Finally,  as  LV  systems  develop  the  same  low  cost  versatility  for  time- 
dependent  turbulence  measurements  as  they  currently  possess  for  time- 
independent  measurements,  it  would  be  highly  desirable  to  make  such  measure¬ 
ments  to  check  the  validity  ot  the  similarity  arguments  used  currently  In 


I  1 


the  aeroacoustic  prediction  method  to  see  if  these  relations  are  correct. 
Such  a  study  may  reveal  that  either  the  similarity  methods  are  acceptable 
(perhaps  with  revision)  or  that  more  time-consuming  mixing  analyses  with 
capability  of  predicting  time-dependent  quantities  need  to  be  developed. 
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APPENDIX  A 


JET  FLOW  FIELD  CALCULATION 


The  purpose  of  this  appendix  is  to  document  very  briefly  the  ideas  that 
were  used  in  the  turbulence  mixing  calculations  and  in  the  coupling  of  this 
to  the  acoustic  theory  in  Section  4.2.3.  This  particular  development, 
described  by  the  term  "slice  of  jet,"  was  originally  used  in  the  unified 
aeroacoustic  predictions;  later,  it  was  replaced  by  a  more  sophisticated  and 
detailed  procedure  which  is  described  in  Sections  4.5  and  4.7.  Because  the 
latter  version  is  the  current  (and  final)  version  of  the  aeroacoustic  predic¬ 
tion  scheme,  the  slice-of-jet  approach  will  be  described  without  all  the 
details.  The  use  of  this  approach  is  not  recommended  because  it  becomes 
quite  inaccurate  at  high  jet  velocities  (~  1500  fps). 


JET  PLUME  AERODYNAMICS 


An  aerodynamic  prediction  of  the  jet  plume  is  required  to  provide  the 
strength  of  the  noise  sources.  The  method  selected  is  an  extension  of 
Reichardt's  theory  [Schlichting(b8) ] t  which  basically  synthesizes  the  complex 
flows  from  nozzles  of  arbitrary  geometry  by  superposition  of  a  suitable 
distribution  of  elemental  round  jet  flows.  This  approach  was  first  suggested 
by  Alexander,  et  al. and  applied  directly  to  suppressor  nozzle  configura¬ 
tions  by  Lee,  et  al.  (76)  ancj  Grose  and  Kendall^77). 

Reichardt's  theory  is  a  semiempirical  one,  based  on  extensive  experi¬ 
mental  observations  that  the  axial  momentum  flux  profiles  were  bell-shaped  or 
Gaussian  in  the  fully  developed  similarity  region  (suitably  far  downstream) 
of  a  jet.  From  this  observation,  a  hypothesis  for  the  relation  between  axial 
and  transverse  momentum  flux  was  formulated  which  yields  a  governing  equation 
for  the  axial  momentum  flux.  For  the  far  downstream  similarity  region  of  a 
round  jet  with  nozzle  area  Aj  and  exit  velocity  Uj ,  the  governing  equation 
and  solution  are  as  follows : 
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and  bm(x)  is  the  axial  momentum  mixing  region  width,  taken  to  be  proportional 
to  the  axial  distance  x  from  the  nozzle  exit  plane, 


b 
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(x) 


C  x 
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(A-4) 


The  jet  spreading  rate  Cm  becomes  a  key  parameter  in  the  theory  and  is 
determined  experimentally.  The  coordinate  system  is  shown  in  Figure  A-l. 

Because  equation  (A-l)  is  linear,  the  summation  of  elemental  solutions 
is  also  a  solution.  This  unique  feature  of  Reichardt's  theory  allows  the 
construction  of  quite  complex  jet  flows  with  relatively  simple  mathematics. 
Although  more  rigorous  (but  containing  just  as  much  empiricism,  albeit  in 
different  forms)  theories  are  available  for  simple  round  and  plane  jets, 
there  is  no  other  technique  available  which  offers  the  capability  for 
modeling  jet  flows  typical  of  aircraft  engine  suppressor  nozzles  such  as 
multitube,  lobe,  and  chute  nozzles,  etc. 

Consider  a  distribution  of  elemental  jets  issuing  parallel  to  the  x- 
axis,  whose  exit  areas  lie  in  the  x  =  0  plane.  Each  elemental  jet  has  an 
exit  area  Aj  =  ododa,  located  at  (a,  a,  0),  as  shown  in  Figure  A-l.  The 
axial  momentum  flux  at  a  downstream  point  (r,  0,  x)  due  to  the  elemental  jet 
exhausting  at  (a,  a,  0)  is  given  by 

2  2  2  -(5/b,)2 

d<p  u  >  =  p.  U.  (a  da  da/rr  b  )e  (A-5) 

J  J  m 

2  2  2 

where  £  =  r  +  a  2ro  cos  (0  -  a) 


Integrating  (A-5),  the  following  solution  is  obtained: 
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2  2 
From  the  distribution  of  (pj  U.)  in  the  exit  plane,  the  local  value  of  <p  u  > 

at  any  point  (r,  0,  x)  can  be  iound  from  equation  (A-6)  by  standard  numerical 

integration.  Assuming  that  the  jet  plume  stagnation  enthalpy  flux  H  diffuses 

in  the  same  manner  as  axial  momentum,  an  analogous  expression  for  stagnation 

enthalpy  flux  <p  u  H>  can  be  derived, 

1  f  f  “(£/b.)2 

<p  u  H  (r,  U,  x)  = - r  /  /  ( p.  U.  H  )e  o  da  da  (a-7) 
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where  bj  is  the  thermal  shear  layer  width,  taken  to  be  proportional  to  x, 
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a)  Nozzle  Exit  Plane; 

b)  Plume  in  (r,  x)-Plane; 

c)  Nomenclature  for  Elemental  Jet  at  ( 
Point  P. 


Figure  A-l .  Jet  Flow  Coordinate  System. 


1  2 

The  stagnation  enthalpy  is  defined  as  H  =  cp  T  +  y  u  -  Cp  Tq,  and  the 
thermal  layer  spreading  rate  Ch  must  also  be  obtained  experimentally. 

Assuming  that  the  jet  mixing  occurs  at  constant  static  pressure  equal  to  the 
ambient  value,  the  solutions  for  <p  u2>  and  <p  u  H>  given  by  equations  (A-6) 
and  (A-7)  are  sufficient  to  determine  the  distributions  of  mean  axial  velocity 
u  and  temperature  T  throughout  the  jet  plume. 


In  addition  to  the  jet  plume  mean  flow  properties,  the  turbulent  Reynolds 
stress,  assumed  to  be  proportional  to  the  transverse  momentum  flux,  can  also 
be  obtained.  Reichardt's  hypothesis  [from  which  equation  (A-l)  evolved] 
states  that  the  transverse  momentum  flux  is  proportional  to  the  transverse 
gradient  of  the  axial  momentum  flux,  the  proportionality  factor  being 
A(x).  For  a  simple  round  jet,  from  equations  (A-2)  through  (A-4),  the  Reynolds 
stress  t  is  given  by 
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For  an  elemental  jet  exhausting  at  (o,  a,  0)  the  shear  stress  t  at  (r,  0, 
x)  lies  along  a  line  connecting  (o,  a,  0)  and  the  projection  of  (r,  0,  x) 
onto  the  x  =  0  plane.  This  vector  is  at  an  angle  to  the  coordinate 
direction  r  (Figure  A-l).  The  radial  component  of  the  shear  stress  dx  at 
point  (r,  0,  x)  due  to  an  elemental  jet  exhausting  at  (a,  a,  0)  is  then  dxr  = 
dr  cos  <f>.  Similarly,  the  azimuthal  component  is  dxQ  ■  dx  sin  <J>.  Performing 
the  same  summation  and  limiting  process  over  all  elemental  jets,  the  total 

shear  stress  at  (r,  0,  x)  is  then  found  to  be 

2  2  ^2 
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and  x&  (r,  0,  x)  is  given  by  a  similar  expression  with  cos<f>  replaced  by  sin4>. 
The  distance  £  is  again  given  by  the  expression  following  equation  (A-5) ,  and 
the  angle  $  is  given  by 


£  cosji  =  r  -  a  cos(0  -  a) 


(A-12) 


The  above  equations  provide  the  basic  expressions  for  computation  of  the  jet 

plume  flow  parameters  T,  u  and  x  for  a  nozzle  of  arbitrary  exit  cross-section 

and  exit  distribution  of  velocity  and  temperature.  It  may  be  noted  that,  for 

axisymmetric  nozzles,  x  =  xr  and  x.  =  0.  This  will  be  the  case  for  the 
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coaxial  jet  problem  discussed  in  later  sections,  but  the  more  general  formula¬ 
tion  is  presented  for  completeness.  The  basic  limiting  assumptions  made 
were:  (1)  the  jet  plume  mixing  occurs  at  constant  static  pressure  equal  to 
the  ambient  value,  and  (2)  the  flow  is  primarily  axial  with  all  nozzle  exit 
elements  in  the  same  plane  x  =  0. 


NOISE  INTENSITY  SPECTRUM  AT  90° 


The  aerodynamic  characteristics  of  the  jet  plume  provide  the  information 
required  to  evaluate  the  acoustic  intensity  spectrum  at  90°  to  the  jet  axis 
using  the  Lighthill-Ribner  theory  of  jet  noise.  This  basic  spectrum  provides 
a  good*  estimate  of  the  far-field  noise  spectrum  at  90°  to  the  jet  axis  since 
sound/flow  interaction  effects  are  minimal  there.  Then  the  noise  at  any 
other  point  in  the  far  field  can  be  computed  from  this  result  and  the 
directivity  pattern  derived  in  the  main  part  of  this  section.  The  analysis 
presented  below  parallels  the  work  of  Ribner(l34)  and  Powell(135) ;  especially 
the  work  of  the  latter,  as  it  relates  to  the  use  of  various  similarity 
arguments. 

The  far-field  mean-square  sound  pressure,  in  absence  of  sound/flow 
interaction  effects  is  given  by  [Ribner (1^4) ^  Lighthill(42) ] 


2  Xi  X 

<p  >  (R,  Q,  6)  =  — 


j  Xk  X* 

16  TT2  c2  R6 
o 


// 


2  2 
9  r  \  8 

<~ 2  (P  Vi  V  2 

9t  J  9t 


(p  vk  v£)>  d3y'  d3y" 


where  (p  v  v  )  ^s  the  fluid  momentum  flux  (i,  j)  component  evaluated  at 
vector  position  y'  and  t'  and  (p  v^  v^)  is  the  (k,  l )  component  evaluated  at 
y"  and  t".  The  retarded  times  t’  and  t"  are  given  by  (t  -  R' /co)and  (t  -  R"/cq 
respectively.  Note  that  v^  and  x^  denote  the  i  components  of  velocity  and 
source-to-o^seryer  distance  R,  respectively.  Defining  separation  vectors  and 
t^ime^delay  rj  =  y *  -  y"  and  T  =  t'  -  t",  respectively,  and  an  eddy  coordinate 
y  =  ■jCy'  +  y")»  the  above  expression  may  be  written  in  the  following  form 
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where 


x^  *  R  cos0,  x 2 


R  sin0  cos9,  and  x^ 


R  sin0  sin6. 


In  order  to  evaluate  equation  (A-13),  some  assumptions  about  the  turbulent 
structure  must  be  made.  Because  of  the  lack  of  detailed  experimental  or 
theoretical  information,  approximations  are  made  following  the  pioneering 
work  of  Ribnerd3^)  and  Powell^^), 


*This  statement  is  the  most  accurate  for  unheated  jets. 


The  derivatives  with  respect  to  T  are  assumed  to  be  equivalent  to  multi¬ 
plying  by  a  typical  eddy  fluctuation  frequency  ui  relative  to  the  moving  eddy 
and  the  integral  over  the  separation  is  equivalent  to  multiplication  by 
where  S.  is  the  eddy  length  scale.  Thus 


X  X  X  X  /• 

<p2>  (R,  0,  0)  '  ^  "4-  ^  u4  <^p  vi  vj>  <p  vk  d3y  (A- 14) 


Since  the  aerodynamic  model  described  in  the  previous  section  provides 
radial  and  azimuthal  distributions  of  flow  properties  u,  T,  Tg,  and  Tr  at 
successive  axial  stations  x,  it  is  convenient  to  express  the  volume  integra¬ 
tion  in  (A- 14)  as  d3y  =  d  S(x)  dx,  where  S(x)  is  the  cross-sectional  area  of 

the  plume.  The  summation  over  all  components  (i,  j)  of  the  fluctuating 

momentum  stress  tensor  in  equation  (A-14)  yields  one  term  that  is  omni¬ 

directional  (self-noise)  and  another  term  having  a  basic  directivity  of 
(cos40  +  cos20).  The  latter  is  called  shear  noise;  see,  for  example,  the 
work  of  Ribner(39) .  The  shear  noise  shall  not  be  discussed  for  the  reason 
given  by  Mani(37,38). 

Confining  attention  to  0  =  90°  for  the  moment,  and  referring  to  <p2>  at 
0  =  90°  as  the  intrinsic  or  basic  noise  spectrum,  it  is  now  assumed  that 
<p  vjl  vj>  in  (A-14)  is  approximately  represented  by  the  turbulent  shear 
stress  t.  In  addition,  the  typical  frequency  ui  is  assumed  to  be  related  to 
a,  p  and  x  by  the  equation 

oi  '  (x/p)1/2/H  (A-15a) 

and  that 

1  -  ( x/S)(t/p)1/ 2  (A-15b) 


These  assumed  relationships,  derived  from  similarity  arguments  by  Lee,  et 
al.(76),  are  consistent  with  the  experimental  measurements  of  Davies,  et 
al.(16).  The  basic  or  intrinsic  acoustic  pressure  level  is  then  as  follows, 
after  combining  (A-14  and  A- 15) 
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Equation  (A-15)  implies 
axial  location  x  is  given  by 
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In  practice,  it  was  found  that,  through  model  calibrations  with  low  velocity 
round  jet  data,  (A-17)  should  be  modified  as  follows: 


f 


D/u^  =  10(x/D)-^3 


(A-18) 


where  is  taken  to  be  the  maximum  mean  velocity  at  a  given  cross  section. 
From  equations  (A-16)  and  (A-18) ,  the  source  spectrum  can  be  computed  through 
the  approximation,  as  suggested  by  Powell (135) 
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Note  that  D  is  a  characteristic  length  scale  of  the  jet  nozzle.  For  a  round 
jet,  D  is  simply  the  nozzle  diameter.  For  a  coaxial  jet,  D  is  defined  in  the 
main  section.  Substituting  equations  (A-16)  and  (A-18)  into  the  above 
expression,  the  following  equation  for  the  far-field  intrinsic  spectrum  at 
0  =  90°  results: 
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To  summarize  the  results  of  this  Appendix,  the  intrinsic  noise  spectrum 
in  the  absence  of  convection  and  refraction  effects  at  0  =  90°  is  obtained 
from  numerical  evaluation  of  equation  (A-19).  This  expression  involves  an 
integration,  over  the  jet  plume  cross  section,  of  a  suitable  source  strength 
[p2  u(t/p)^'2]>  comprised  of  flow  parameters,  p,  u,  and  t,  which  are  evaluated 
from  the  extended  Reichardt  model  discussed  in  this  appendix. 


APPENDIX  B 


RELATION  BETWEEN  Cm  AND  Ch 


For  an  axisymmetric,  round  jet  with  uniform  exit  conditions,  the  momen¬ 
tum  and  heat  transport  is  given  by 


f  (x,r,4>) 


2  it  d/2 


/  / 


-R2/b \ 
2  t 


vdvda 


(B-l) 


where  f  =  pu2  for  momentum  transport  and  f  =  puH  for  heat  transport.  The 
corresponding  shear  layer  thicknesses  are  bm  *  for  momentum  and  bj,  =  C^x 
for  heat.  The  variable  R  is  given  by 


r2  =  r2  +  v2  -  2  r  v  cos(<J>-a) 


(B-2) 


After  substituting  (B-2)  into  (B-1)  and  performing  some  rather  tedious  alge¬ 
braic  manipulations,  it  can  be  shown  that  (B-l)  can  be  rewritten  in  the 
following  form  [see,  e.g.,  Gliebe  (136)]: 


f(x,r,<|>) 


(2 


r  v/bf) 


2,  — v2/b 


2 

f  vdv 


(B-3) 


where  IQ  is  the  hyperbolic  Bessel  function  of  zero  order.  This  is  an  exact, 
closed-form  solution  of  Reichardt's  equation  for  a  round  jet.  Consider  the 
fully-developed  region  downstream  of  the  potential  core,  x/d  »  1.  As  x/d 
-*  no,  the  argument  of  I0  becomes  small,  and  IQ  approaches  unity.  The  integral 
in  equation  (B-3)  can  be  evaluated  directly,  with  the  approximation  IQ  ~  1, 
to  give 
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Again  using  the  series  expansion  of  e 
simplifies  to 
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f  for  large  x/d,  this  expression 
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where  Aj  =  ird  /4,  the  nozzle  exit  area.  This  is  just  Reichardt's  ^  origi¬ 
nal  formula  for  the  similarity  region  of  a  round  jet.  Note  that  the  subscript 
4>  has  been  dropped  because  the  flow  is  independent  of  <j>,  being  axisymmetrlc. 
Thus,  for  momentum,  equation  (B-4)  gives: 
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and  for  heat  transport. 
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It  is  now  assumed  that  the  jet  is  incompressible  (or  constant  density 
everywhere),  so  that  p  *  pj  =  pG.  The  solution  for  u(x,r)  is  then  approxi¬ 
mated  by  taking  the  square  root  of  (B-5),  after  having  factored  the  density: 
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The  solution  for  H(x,r)  is  then  approximated  by  dividing  equation  (B-6)  by 
equation  (B-7): 


H(x,r) 
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The  turbulent  Prandtl  number  is  defined  as  the  ratio  of  the  turbulent 
effective  viscosity  to  thermal  diffusivity. 
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where  vt  and  kt  are  defined  by 


Vt 


pu*  v' 
3u/9r 


kt 


c 

p  311/ 3 r 


(B-10) 
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From  Reichardt's  hypothesis,  equations  (166)  and  (178),  we  have: 


pu'v*  =  xm  I7  (pu2) ,  pv'H'  '  Xh  I7  (puH)  (B-ll) 

where  Xm  =  C2  x/2  and  X^,  =  C2  x/2.  Combining  equations  (B-9) ,  (B-10) ,  and 
(B-ll),  the  Prandtl  number  can  be  written  as  follows: 


Pr 


t 


’aH' 

Su 

dr  _ 

(B-12) 


By  substituting  expressions  (B-5)  -  (B-8)  into  (B-12),  after  some  lengthy 
algebra,  it  is  found  that: 


Pr 


t 


(B-13) 


Since,  in  general,  Prt  does  not  vary  appreciably  throughout  the  flow,  equation 
(B-12)  provides  a  direct  relation  between  Cm  and  C^.  Solving  for  Ch/Cm  from 
equation  (B-13),  the  final  result  is  obtained: 


C 

m 


Vrl 


(B-14) 
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SYMBOLS  AND  ABBREVIATIONS 


The  material  content  of  this  report  draws  from  various  disciplines 
(aerodynamics,  turbulence  theory,  shock  wave  theory,  acoustic  wave  theory, 
experimental  acoustics,  etc.),  and  it  is  not  practical  to  use  a  nomenclature 
which  is  consistent  from  section  to  section  and  still  conform  to  accepted 
standard  symbolism  in  each  discipline  (Section  4.2  uses  the  symbol  b  to  de¬ 
note  the  outer  stream  radius  of  coannular  jet,  for  example,  whereas 
Section  4.5  utilizes  this  same  symbol  to  denote  mixing  layer  thickness). 

Different  symbol  conventions  are  therefore  given  for  each  major  section 
of  this  report.  Sections  4.2  and  4.3  deal  with  acoustic  wave  theory,  which 
has  its  own  specialized  nomenclature.  Section  4.5  deals  with  aerodynamics 
and  turbulence  modeling,  so  the  nomenclature  is  again  specialized.  Similarly, 
Section  4.6  deals  with  shock  cell  structure  and  associated  noise,  again 
having  a  preferred  symbol  standard.  Section  4.7,  which  is  concerned  with 
tying  together  the  salient  results  of  sections  4.3,  4.4,  4.5,  and  4.6,  has 
attempted  to  utilize  a  common  symbolism  where  possible  for  purposes  of 
clarity,  and  this  convention  may  differ  from  that  in  any  of  the  previous  sec¬ 
tions. 
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A. 

J 

a 


c 


c 

o 

c 

P 

cm 

ch 

D 

f 

* 

2 

g 

G2 

H 

H  (1) 
% 

i 

I 

n 
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LIST  OF  SYMBOLS  AND  ABBREVIATIONS  FOR  SECTION  4.2  and  4.3 

-  jet  nozzle  cross-sectional  area 

-  transverse  dimension  of  jet  (also  inner  stream  exit  radius) 

-  circumferentially  averaged  amplitude  of  a  ring  of  incoherent 
(i-j)  quadrupoles 

-  transverse  dimension  of  jet  (also  outer  stream  exit  radius) 

-  mixing  layer  momentum  thickness 

-  mixing  layer  enthalpy  thickness 

-  speed  of  sound 

-  ambient  speed  of  sound 

-  specific  heat  at  constant  pressure 

-  jet  spreading  rate  parameter 

-  enthalpy  spreading  rate  parameter 

-  jet  nozzle  effective  diameter 

2  1/2 

-  (=  (~g  )  )  shielding  function  (also  observed  frequency) 

-  Lighthill  noise  source 

-  shielding  function 

-  modified  shielding  function 

-  Green's  function  for  Lilley's  equation 

-  local  stagnation  enthalpy  relative  to  ambient 

-  Hankel  function  of  first  kind  of  order  n 

-  (=/-l)  imaginary  unit 

-  modified  Bessel  function  of  first  kind  of  order  n. 

-  Bessel  function  of  first  kind  of  order  n. 
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» 


kD 

K 

+  ± 
K1,  K2 


l 

M 

M 

( 

M 


N 

P 

P 


r 


ra  or  rav 
R 

S 

s 

£ 

St 

T 

T 

o 

t 


u 


-  ratio  of  source  radian  frequency  and  speed  of  sound  at  infinity 

-  radial  propagation  constant 

-  radial  propagation  constants 

-  modified  Bessel  function  of  second  kind  of  order  n 

(Kf.  K2  and  ate  also  used  to  denote  radial  propagation  constants) 

-  typical  turbulent  correlation  length  scale 

-  (=U/Gx>)  jet  acoustic  Mach  number  relative  to  the  nozzle 

-  aircraft  or  wind  tunnel  Mach  number 

-  (“Uq/C^)  source  convective  Mach  number  relative  to  the  nozzle 

-  (=(U-UC)  /C,,,)  -  relative  acoustic  Mach  Number 

-  acoustic  pressure 

-  acoustic  power  of  source  (also  used  to  denote  Fourier  transform  of 
acoustic  pressure) 

-  radial  variable 

-  (=»r/a)  inner  variable 

-  turning  points  of  shielding  function 

-  distance  from  jet  (also  used  for  outer  variable  in  Section  4.2.1, 
or  to  denote  the  ratio  of  inner  to  outer  diameter  for  annular 
jets  in  Section  4.2.2) 

-  jet  plume  cross-sectional  area  at  distance  x 

-  axial  Fourier  transform  variable 

-  pressure  source  solution  to  Lilley's  equation 

-  Strouhal  Number  f(l-Mccos  9)a/U^j 
-jet  temperature 

-  ambient  temperature 

-  time 

-  velocity  in  inner  and  outer  streams 

-  axial  (x-component)  of  velocity 
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ii  -  fluctuating  fluid  velocity 

U  -  jet  axial  velocity  component  relative  to  the  nozzle 

Uc  -  source  convection  velocity  relative  to  the  nozzle 

v  -  radial  (r  -  component)  of  velocity 

x  -  coordinate  along  jet  axis 

„  i 

*  -  coordinate  along  jet  axis 

y  -  coordinate  normal  to  jet  axis 

Y  -  Bessel  function  of  second  kind  of  order  n 

n 

z  -  coordinate  normal  to  jet  axis 

a  -  angular  coordinate  of  elemental  jet 

6  -  delta  function 

A  -  Laplacian  in  transverse  variables 

g  -  jump  in  the  radial  gradient  of  pressure  across  the  source  point 

r  ~  ratio  of  jet  transverse  dimension  to  wavelength 

e  -  Neumann  factor  (=  1/2,  1  for  n=0,  >  1  respectively) 

n  — ' 

n  -  particle  displacement  (also  used  to  denote  radiation  efficiency 

of  the  inner  tubes  of  a  multitube  suppressor) 

0  -  azmuthal  angle 

0  -  angle  with  respect  to  the  jet  axis  (also  used  to  denote  the 

azmuthal  angle  in  Section  4.2.1) 

£,  -  integral  of  shielding  function 

p  -  fluid  density 

a  -  (=s/k  or  s/k0)  nondimensional  axial  Fourier  transform  variable 

(also  radial  coordinate  of  elemental  jet) 

-  value  of  o  at  point  of  stationary  phase 

$  -  velocity  potential 

$  -  velocity  potential;  also  angle  between  elemental  shear  stress  vector 

and  radial  coordinate 

t  -  turbulent  Reynolds  stress 
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X 


-  integral  of  shielding  function 


0) 

u 

o 

U 

VR 

AR 

TR 

SPL 

OASPL 


-  radian  frequency 

-  source  radian  frequency 

-  Fourier  time  transform  variable  or  frequency 

-  nozzle  exit  velocity  ratio 

2  2  2 

-  nozzle  exit  area  ratio  (b  -  a  )/a 


_  nozzle  exit  temperature  ratio  (c2^c-^  ^ 

-4  2 

-  1/3-octave  band  sound  pressure  level,  re:  2  x  10  dynes/cm 

-4  2 

_  overall  sound  pressue  level,  re:  2  x  10  dynes/cm 


Subscripts  and  Superscripts 


(*>12 

-  (-)L/(-)2 

<’>o 

-  variable  defined  at 

the  location  of  a  point  source 

-  value  of  a  variable 

at  infinity 

(>1| 

(•)2  | 

-  value  of  a  variable 

in  various  regions  of  a  dual  flow  jet  system 

(  )3  J 

(-)i 

-  variable  pertaining 

to  the  jet 

<  •  > 

-  statistical  time  average 
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LIST  OF  SYMBOLS  AND  ABBREVIATIONS  FOR  SECTION  4.5 


A 

a 


b 

m 


c 

P 

d,  D 


f 

G 

H 


L(f) 

M 


Pr 


t 


P 

R 


r 


Red 
S  ,dS 

T 


t 


u,  l! 

v 

w 

x,  X 


y 

a 


r 

«<y) 


exhaust  plane  area 

momentum  transport  parameter 

momentum  transport  parameter 

heat  transfer  parameter 

momentum  shear  layer  spreading  rate 

nozzle  flow  coefficient 

heat  (thermal)  shear  layer  spreading  rate 
constants 

specific  heat  at  constant  pressure 
jet  nozzle  diameter 
transport  parameter 
Green's  function 

stagnation  enthalpy  relative  to  ambient,  c  (T_-T  ) 

p  To 

potential  core  length 

diffusion  equation  operator 
Mach  number 

turbulent  Prandtl  number 
static  pressure 

radial  distance  between  field  point  P  and  source  point  Q  in 
(r  ,<j>)  -plane 

radial  coordinate 

jet  Reynolds  number 

surface  area,  area  increment 

static  temperature 

stagnation  (total)  temperature 

time 

axial  x-component  of  velocity 
transverse  y-component  of  velocity 
transverse  z-component  of  velocity 
axial  coordinate 
transverse  cartesian  coordinates 
variable  of  integration  for  ^-coordinate 
ratio  of  specific  heats 
delta  function  760 


s 

n 

A 

v 

V 

5 

P 

T 

$ 

* 


variable  of  integration  for  z  -  coordinate 
variable  of  integration  for  y  -  coordinate 
transport  coefficient 
viscosity 

variable  of  integration  for  r  -  coordinate 
variable  of  integration  for  x  -  coordinate 
density 
shear  stress 

transverse  angular  coordinate 
enthalpy  function  (also  stream  function) 


Subscripts  and  Superscripts 

e  external  (ambient)  cordition  or  property 

j  jet  nozzle  exit  plane  condition  or  property 

m  pertaining  to  momentum  transport 

h  pertaining  to  heat  transport 

o  boundary  contour 

r  radial  component 

<j>  azimuthal  component 

x  axial  component 

y  y-component 

z  z-component 

time-mean  value 

fluctuating  turbulent  component 


(  ) 

(  )' 


> 

k 


l, 


.  f 

» 

f 

L 

i 

ti 


LIST  OF  SYMBOLS  AND  ABBREVIATIONS  FOR  SECTION  4.6 


A 

A 


*'eq ,  n" 

Uh  - 


f 

H 

o 

L 

M 

c 

M. 

.) 

m 


n 

OASPL- 


P 

a 


P 

o 

r 

n 

r 

o 

S 

n 

SPL  - 


nozzle  exit  area 

shock  cell  acoustic  pressure  amplitude,  also  area  of  individual  nozzle 
e lement 

ambient  speed  of  sound 

shock-cell  cross-correlation  coefficient  spectrum 

diameter  based  on  total  equivalent  area;  / 4Aj  / it 
equivalent  element  area  diameter  /4An/ff 
hydraulic  diameter,  4Aj/Pw 

frequency,  Hz. 

group  source  spectrum 

shock  cell  spacing 

eddy  convection  Mach  number 

nozzle  exit  ideally  expanded  flow  Mach  number 
index  of  shock  cell  location 
index  of  shock  cell  location 

overall  sound  pressure  level,  dB  ref.  0.0002  p-bar 

acoustic  pressure 

nozzle  exit  stagnation  pressure 

wetted  perimeter  of  nozzle 
ambient  static  pressure 

radial  distance  from  nth  cell  to  observer 

radial  distance  from  nozzle  exit  to  observer 

Strouhal  number  ujL, /a 
1  o 

1/3  -  octave  sound  pressure  level  in  1/3-octave  bands,  dB 
(ref  0.0002  microbar) 

nozzle  exit  stagnation  temperature 

time 

eddy  convection  speed 

ideally  expended  nozzle  exit  flow  velocity 

external  flow  or  flight  velocity 

axial  distance  from  nozzle  exit  to  nth  cell 

high  frequency  spectrum  slope,  dB  per  octave 
(also  exponent  a-i^) 


I 

\ 


B 


Y 


e 

AL 

Af 


1/3 


v 


0) 


shock  strength  parameter  =  /Mj  2-1 
ratio  of  specific  heats 
shock  cell  spacing  parameter  AL/L^ 
shock  cell  spacing  increment 
1/3  -  octave  bandwidth,  Hz. 

observer  angle,  from  inlet,  degrees 
frequency  ratio,  f/f 
radian  frequency,  rad/sec. 


Subscripts 

p  -  peak  noise  value 

avg  -  average  over  all  cells 

j  -  nozzle  jet  exit  value 

1/3  -  1/3-octave  value 

n  -  relating  to  nth  shock  cell 

M  -  center  -  frequency  of  1/3-octave  band 
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LIST  OF  SYMBOLS  AND  ABBRECIATIONS  FOR  SECTION  4.7 


A 

ann 

A. 

J 

AR 

a 

xx 

a 

xy 

a 

yy 

a 

yz 


m 


C 

C, 


m 


eq 

°h 

f 

f 

P 

f  (O 

g  (t) 
g2  (r) 
H 

H  (Qx0 ) 

Iijkl 

I  («) 

k 

L 

avg 


nozzle  exit  plane  annulus  area 

nozzle  exit  plane  flow  area 

outer-to-inner  stream  area  ratio 

(x-x)  quadrupole  directivity  factor 

(x-y)  quadrupole  directivity  factor 

(y-y)  quadrupole  directivity  factor 

(y-z)  quadrupole  directivity  factor 

enthalpy  mixing  layer  thickness 

momentum  mixing  layer  thickness 

convective  amplification  factor 

enthalpy  mixing  layer  spreading  parameter 

momentum  mixing  layer  spreading  parameter 

ambient  speed  of  sound 

specific  heat  at  constant  pressure 

empirical  constant  in  spreading  parameter  equation 

empirical  constant  in  spreading  parameter  equation 


equivalent  area  nozzle  diameter  /4A^ /n 
nozzle  hydraulic  diameter 
observed  frequency 
peak-noise  observed  frequency 

turbulence  model  spatial  correlation  function 

turbulence  model  time  delay  correlation  function 
shielding  function 

stagnation  enthalpy  relative  to  ambient 
turbulence  correlation  spectrum  function 
source  intensity,  (ijkl)  -  component 
source  intensity  spectrum 
source  wave  number  fi/c 

a 

average  shock  cell  spacing 

axial  turbulence  correlation  length  scale 

flow  Mach  number  U/C 
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M 

a 


M 

c 


M 

m 


M 

o 

m 


N 

OASPL 

PNL 

PR 

PWL 


P 

w 


R 

o 


R 

g 

r 


rb  (X) 
r 

o 


o 

SPL 

SPL 

P 

sij 

Sijkl 

T 

Ta 

T„ 


Tj 

TR 

U 

U 


ambient  (wind  tunnel  or  flight)  Mach  number 

eddy  convection  Mach  number  U  /c 

c  a 

jet  nozzle  exit  plane  Mach  number  U./c  (also  U./c.) 

j  ^  j  j 

post-merged  region  potential  core  Mach  number 

Mach  number  at  source  location,  M(r  ) 

o 

flight  velocity  exponent 
number  of  shock  cells 

overall  sound  pressure  level,  dB  re  0.0002  p-bar 

perceived  noise  level,  dB  re  0.0002  p-bar 

nozzle  stagnation-to-ambient  static  pressure  ratio 

-13 

power  watt  level,  dB  re  10  watts 

wetted  perimeter  of  nozzle  contour 

ambient  static  pressure 

mean-square  acoustic  pressure 

source-to-observer  distance 

component  of  R  in  i-direction  (i=l,2,3) 

turbulence  velocity  spatial  correlation  tensor 

flow  field  calculation  transverse  coordinate 

gas  constant  (1716  lb^/slug-0  R) 

radial  coordinate 

centerbody  radius 

radial  source  location 

radial  turning  point  location 

sound  pressure  level,  dB  re  0.0002  p-bar 

peak  value  of  SPL  1/3-octave  spectrum 

two-point  velocity  correlation  tensor 

fourth-order  two-point  velocity  correlation  tensor 

flow  static  temperature 

ambient  static  temperature 

flow  stagnation  temperature 

nozzle  exit  jet  stagnation  temperature 

outer-to-inner  stream  temperature  ratio 

local  mean  flow  velocity 

ambient  (wind  tunnel  or  flight)  velocity 


:  f 
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m 


u 

V. 

J 

VR 


x 

y 

a 


6 

6 

xx 

6xy 

fiyy 

Byz 

601 


02 


12 


t 

Y 

Ar 

Av 


eddy  convection  speed 

jet  exit  plane  velocity 

post-merged  potential  core  velocity 

mean  flow  velocity  at  source  location 

axial  turbulence  velocity  (r.m.s.  intensity) 

ideally  expanded  jet  veocity 

outer-to-inner  stream  velocity  ratio 

component  of  turbulence  velocity  in  i-direction 

axial  coordinate 

vector  location  of  eddy  volume  in  jet 

coefficient  in  acoustic  calculation;  also  angular  coordinate 
of  nozzle  boundary  contour 

turbulent  decay  parameter  in  convective  amplification  factor 

shock  strength  parameter 

(x-x)  quadrupole  shielding  factor 

(x-y)  quadrupole  shielding  factor 

(y-y)  quadrupole  shielding  factor 

(y-z)  quadrupole  shielding  factor 

shielding  factor  for  case  (c) 

shielding  factor  for  case  (e) 

shielding  factor  for  case  (f) 

axial  shear  stress  weighting  factor 

ratio  of  specific  heats 

transformed  radial  coordinate 

transformed  boundary  radius 

kronecker  delta;  6  =  1  for  i  =  j,  5  =  0  for  i  4  j 

azimuthal  shear  stress  weighting  factor 

observer  angle  relative  to  jet  axis 

observer  angle  relative  to  inlet  axis,  0^  *  180°  -  0 

characteristic  time-delay  azimuthal  weighting  factor 

radial  coordinate  of  nozzle  boundary  contour 

cross-correlation  separation  vector 

flow  mean  density 

ambient  density 


766 


T 


■Mi"'"!!" 


Pj  jet  exit  plane  density 

t  time-delay  of  two-point  cross-correlation 

x  characteristic  time-delay 

o 

x  axial  shear  stress 

x 

x  radial  shear  stress 

r 

x,  azimuthal  shear  stress 

9 

9  flow  field  calculation  azimuthal  coordinate 

9  azimuthal  angular  coordinate 

9  enthalpy  function 

ft  source  radian  frequency 

w  observer  radian  frequency 

Subscripts 

a  ambient  condition 

ann  referring  to  annulus  property 

b  centerbody  parameter 

c  convection  property 

eq  equivalent  condition 

g  gas  property 

h  referring  to  enthalpy  or  heat  transport 

i  referring  to  component  in  i-direction 

I  referenced  to  inlet  axis 

j  referring  to  jet  exit  plane  condition 

m  referring  to  momentum  transport;  also,  post-merged  condition 

o  referring  to  source  location  condition 

p  peak  noise  value 

r  radial  component 

T  stagnation  condition 

t  referring  to  a  turbulence  parameter 

x  axial  component 

xx  referring  to  (x-x)  quadrupole  property 

referring  to  (x-y)  quadrupole  property 
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xy 


referring  to  (y-y)  quadrupole  property 
referring  to  (y-z)  quadrupole  property 
referring  to  turning  point  property 
azimuthal  component 


OASPL 


OAPWL 


AOASPL , 


AOAPWL , 


AOAPWL, 


u  ,  V 

o  J 


LIST  OF  SYMBOLS  AND  ABBREVIATIONS  FOR  SECTION  5 


sound  pressure  level  In  1/3  octave  bands,  dB  (re.  0.0002  microbar) 

overall  sound  pressure  level,  dB  (re.  0.0002  microbar) 

-13 

sound  power  level  in  1/3  octave  bands,  dB  (re.  10  watts) 

-13 

overall  sound  power  level,  dB  (re.  10  watts) 

difference  in  SPL  between  measurements  in  the  ip  =  0°  plane 
and  the  ip  =  90°  plane 

difference  in  PWL  between  measurements  in  the  ip  =  0°  plane 
and  the  ip  =  90°  plane 

difference  in  OASPL  between  measurements  in  the  ij;  =  0°  and 
the  ip  =  90°  plane 

difference  in  OAPWL  between  measurements  in  the  ip  =  0°  and 
the  ip  =  90°  plane 

difference  in  SPL  between  single  plus  3  dB  and  twin  in  the 
ip  -  0°  plane 

difference  in  OAPWL  between  single  plus  3  dB  and  twin  in  the 
ip  =  0°  plane 

azimuthal  angle  taken  around  the  jet  center-line 
angle  to  the  jet  axis 
frequency  (Hz) 

lowest  frequency  at  which  ASPL^  ^  3  dB 
shielded  angle  where  ASPL  >  3  dB 

ip  - 

cross-sectional  area  of  jet  nozzle  exit 
diameter  of  round  nozzle 
equivalent  diameter 

jet  mean  velocity  at  measuring  location 

jet  velocity  (fps) 

jet  turbulent  velocity 

plenum  temperature  (°  R) 

jet  Mach  number 

ambient  speed  of  sound 

ambient  speed  of  sound 
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Mc 

M 


P3 


s 

w 


t 

X 

y 

z 


Az 

0) 

OAPWL* 
COAPWL 
C[  ] 


ambient  temperature  (°  R) ,  also  jet  stagnation  temperature 

V°o 

convected  Mach  number 

ambient  air  density 

jet  density  at  the  exit  plane 

convected  Strouhal  number 

center-to-center  spacing  between  nozzles 

length  of  rectangular  nozzle 

absolute  value  of  transmission  coefficient 

width  of  rectangular  nozzle 

transverse  direction  perpendicular  to  y  and  z 
axial  direction  along  jet  centerline 

transverse  direction  connecting  the  centerlines  of  twin  or 
cluster  jets 

separation  distance  between  jets 

density  exponent 

OAPWL  -  10Log10  [  (pj/P0)a)] 

OAPWL  -  lOLogioUtPj/p^] 

[  ]  -  10Logio[A(pj/po)u)] 


r- 
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LIST  OF  SYMBOLS  AND  ABBREVIATIONS  FOR  SECTION  6 


inner  radius  of  the  annular  jet 

outer  radius  of  the  annular  jet 

Mach  number  of  the  annular  shielding  jet 

temperature  of  the  annular  shielding  jet 

sound  source  radian  frequency 

speed  of  sound 

angle  from  the  forward  jet  centerline 
convective  Mach  number  of  the  sound  source 
source  frequency 

frequency  measured  by  the  microphone 

2  7T  3 

nondimensional  source  frequency  ( - )  f 

co 

farfield  sound  pressure  measured  of  the  sound  source 
with  a  shielding  jet  flow 

farfield  sound  pressure  of  the  sound  source  only 
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